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SECTION  I 


INTRODUCTION 


1 .  Background 


In  many  new  airframes,  there  is  a  trend  towards  using 
multiplexing  and  data  bus  techniques  for  on-board  information 
transfer  between  several  subsystems.  In  such  techniques, 
point-to-point  wiring  is  replaced  by  a  single  transmission 
line  which  carries  the  information.  To  achieve  this,  both  time 
division  and  frequency  division  multiplexing  can  be  used.  A 
generalized  architecture  of  a  data  bus  system  is  shown  in 
Figure  1.  In  the  figure,  two  Remote  Terminals  (RTs)  and  one 
Data  Bus  Controller  are  shown  connected  to  the  main  bus.  Addi¬ 
tional  RTs  can  be  connected  where  necessary.  The  RT  consists 
of  a  modulator/ demodulator  (MODEM)  and  a  Multiplex  Terminal 
Unit  (MTU)  which  interfaces  the  subsystems  and  the  data  bus. 

The  MTU  performs  all  necessary  functions  to  make  the 
subsystem  data  input/output  compatible  with  the  data  bus 
operational  mode.  These  functions  might  include  A/D  or  D/A 
conversion,  multiplexing,  demultiplexing,  signal  conditioning, 
etc.  The  nature  of  the  MODEM  depends  on  the  type  of  the 
transmission  line  itself.  It  basically  converts  the  MTD 
input/output  into  data  bus  compatible  signals.  The  Data  Bus 
Controller  performs  the  function  of  controlling  signal  flow 
between  various  RTs.  Some  concepts  for  bus  control  are  given 
in  MIL- STD- 155 3. 

Over  the  last  five  years  or  so,  major  efforts  have  been 
underway  at  various  DoD  agencies  regarding  development  and 
determination  of  the  capabilities  and  limitations  of  several 
transmission  lines  for  data  bus  applications.  The  following 
three  types  have  emerged  as  potential  candidates  for  future 
applications : 

•  Twisted  Shielded  Pair  (TSP) 

•  Dielectric  Waveguide  (DWG) 

•  Fiber  Optic  Cable. 

The  twisted  shielded  pair  operates  at  baseband  frequencies 
and  carries  data  at  rates  of  up  to  about  2  Mb/s.  The  dielec¬ 
tric  waveguide  operates  at  microwave  frequencies  and  offers 
large  bandwidths  on  the  order  of  a  few  GHz.  The  fiber  optic 
cable  operates  at  optical  wavelengths  and  also  offers  large 
bandwidths.  In  choosing  a  transmission  line  for  any  given 
application,  considerations  have  to  be  given  not  only  to  their 
bandwidth  capabilities,  but  also  to  their  immunity  against  EMP 
and  lightning  flash.  These  requirements  are  becoming  increas¬ 
ingly  important  due  to  a  trend  towards  use  of  low  metallic _ 
content  skins  for  outer  shells  of  aircraft.  dielectric 

waveguide  and  fiber  optic  cables  can  offer  this  immunity. 
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Subsystem 


ARCHITECTURE 


During  the  present  program,  dielectric  waveguide  has 
been  pursued  in  an  effort  to  improve  the  technology  base  in 
this  area.  Dielectric  waveguides  offer  several  advantages 
for  data  bus  applications.  They  include: 


•  Immunity  against  EMP  and  lightning  flash 

•  Immunity  against  internal  electromagnetic 
interference  (EMI) 

•  Ease  of  coupling  signals  in  and  out  of  the  bus 

•  Availability  of  wide  bandwidths 

•  Ease  of  simultaneous  multichannel  operation 

•  Suitability  for  simultaneous  bi-directional 
signal  flow  on  one  cable. 


The  feasibility  of  using  dielectric  waveguide  for  data 
bus  applications  was  demonstrated  previously  under  Contract 
F33615-73-C-2063 .  A  Model  400  Data  Bus  System  was  developed 
under  that  contract.  The  system  consisted  of  three  MODEM 
terminals  and  operated  with  one  channel.  Data 
achieved  over  100  ft  of  dielectric  waveguide.  The  MODEM  ter 
minals  used  Millimeter -wave  Image  Line  Integrated  Cii^cuit 
(MILIC)  technology.  This  technology  was  used  due  to  its  com¬ 
patibility  with  dielectric  waveguides.  ^  brief  description 
of  the  MILIC  technology  is  presented  in  the  Appendix. 


2.  Objectives 

The  objectives  of  the  present  program  were  threefold 
First,  it  was  desired  that  the  previous  Model  400  System  be 
expanded  to  accommodate  greater  capacity.  In  order  to  in¬ 
crease  the  capacity,  it  was  desired  to  employ  frequency  divi 
sion  multiplexing  techniques  which  would  permit 
ing  concurrent  transmission  of  information  among  selected 
stations  while  employing  common  lengths  of 

guide  over  portions  of  the  communication  path.  This  objective 
has  resulted  in  incorporation  of  an  additional  Frequency 
Division  Multiplexed  (FDM)  data  channel.  The  expanded  Model 
400  System  now'^has  two  data  channels.  During  the  course  of 
this  expansion,  It  was  also  the  objective  to  improve  the 
Stability  and  reliability  of  the  old  channel  in  the  Model  400 
System.  ^This  was  achieved  by  redesigning  the  MILIC  components 
of  the  previous  system  and  replacing  them  with  new  designs. 

In  particular,  all  the  old  oscillators  have  been  replaced  with 
new^oscillators  of  a  new  design  developed  under  the  present 
nrnpram  This  effect  has  resulted  in  improved  stability  ana 
?eliabiiity  of  both  channels  of  the  expanded  Model  400  System. 


an  additional  FDM  chMnel  Into'^the^Model^AOO 

necessary  to  develop  frequeliry  ^Zb^r?iAg^^“p^^ 

coupler^lore?L^S^i^Ss1''el^rt^e^^5^^4?S'*Sy1^:i°^\“e^ 

i  ss:pESS£x£«^ 

third  objective  was  to  conduct  a  study  to 
relate  the  development  o€  the  dielectric  Hai-a  Kud  ^ a. 

a  realistic  cvamnia  i^u-  ^■^‘^•'■^ccric  data  bus  concepts  to 

nals  of  the  YF-lh^aircr^ftP^®  purpose  the  flight  control  sig- 

ESrL~3'“F?"“"“"™^^ 

S: 

•  Control  surface  position,  movement 

•  Engine  status,  operational  change 

•  Altitude  ^ 

!  angles  of  attack,  sideslip  yaw 

•  motion/acceleration  rate  ^ 

•  High  data  rate,  e.g.,  TV, 

Ienteni®rto®f’'‘"'®^f  infooiatlon  flow  scheme  was  to  be  pre¬ 
mode?  was  tSn  This 

figuration  using  frequency  selLtive  coipl«s^“ 


3 •  Scope  of  the  Report 

all  divided  into  three  major  parts.  In  Part  I 

all  the  theoretical  discussions  and  experimental  results  of  tha 
frequency  selective  bandpass  ring  couplers  I?e  presented  It 
also  describes  the  design  features  of  a  tunable‘^rinrcouple“ 
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invented  under  this  program.  The  tunable  coupler  was  even- 
used  in  the  Model  400  System.  A  detailed  description 
ot  the  expanded  version  of  the  Model  400  System  is  presented 
in  Part  II •  It  describes  the  system  block  diagram,  two  FDM 
data  channels  and  design  features  of  various  elements  of  the 
system.  In  Part  III,  the  results  of  the  study  program  of 
the  data  bus  configuration  incorporating  the  YF-16  flight 
control  signals  are  presented.  The  model  of  the  signal  flow 
requirements  is  presented  both  schematically  and  in  tabular 
form.  From  this  model,  a  possible  data  bus  configuration 
is  obtained.  Finally,  overall  conclusions  and  extensions 
are  presented. 


SECTION  II 


PART  I 


FREQUENCY  SELECTIVE  BANDPASS  RING  COUPLERS 


1 .  Introduction 

Bandpass  couplers  in  the  Millimeter-wave  Image  Line 
Intej'rated  Circuit  (MILIC)  technology  have  been  successfully 
constructed  at  IITRI  through  the  use  of  a  resonant  ring 
structure.  These  couplers  consist  of  a  ceramic  ring  which 
is  proximity  coupled  to  two  dielectric  waveguides  which  form 
the  input  and  output  lines  of  this  four-port  device.  Further¬ 
more,  during  this  program  a  new  design  concept  was  developed 
and  implemented  whereby  the  frequency  response  of  bandpass 
couplers  can  be  mechanically  tuned.  This  capability  enhances 
the  usefulness  of  such  couplers,  not  only  in  data  bus  systems, 
but  also  other  communication  and  radar  systems. 

As  mentioned  earlier,  the  primary  purpose  for  developing 
ring  couplers  was  to  demonstrate  their  usefulness  in  data  bus 
applications.  It  may  be  recalled  that  due  to  their  channel 
dropping  feature,  such  couplers  cause  minimal  insertion  loss 
of  signals  flowing  on  a  dita  bus.  Consequently,  they  are 
preferred  over  wide-band  couplers. 

In  this  section,  ar.  analysis  of  this  device  is  presented 
along  with  supporting  experimental  data  for  both  fixed  fre¬ 
quency  and  tunable  couplers.  This  device  has  actually  been 
incorporated  in  the  Model  400  Data  Bus  System  as  described 
in  Part  II.  Due  to  the  similarity  of  the  characteristics  of 
a  coupler  and  a  filter,  these  two  terms  are  used  interchange¬ 
ably  in  the  rest  of  this  section. 

2 .  Theory  and  Experimental  Data 

a.  Single-Pole  Bandpass  Filter  Theory 

This  section  presents  an  analysis  of  a  single-pole 
traveling-wave  loop  directional  filter  assuming  that  a  pure 
travel ing-wave  exists  on  the  loop  (see  Figure  2) .  This 
assumption  enables  calculation  of  such  quantities  as  loaded 
Ql  and  insertion  loss  in  terms  of  the  coupling  coefficients 
of  the  directional  couplers  and  the  length  and  attenuation 
of  the  loop  image  guide.  Specifically,  the  following  assump¬ 
tions  are  made : 
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a)  All  image  guides  have  identical  characteristic 
impedances , 


b)  Both  directional  couplers  are  perfectly  matched 
and  have  infinite  directivity,  and 


c)  No  points  of  reflection  exist  in  the  loop  and 
thus  a  pure  traveling  wave  exists. 


A  schematic  diagram  of  the  filter  is  shown  in  Figure  3, 
where  the  voltages  Vi,  V2,  V3,  and  Vi,  at  its  four  ports  are 
also  marked.  For  convenience,  the  phases  of  the  voltages 
shown  at  the  terminals  of  the  directional  couplers  are  re¬ 
ferred  to  the  symmetrical  planes  of  the  couplers,  whereas  the 
voltage  magnitudes  apply  at  the  coupler  terminals.  From 
Figure  3,  it  is  seen  that 


V. 


=  ^1  +  ® 


-yi 


or 


V. 


1  - 


(1) 


Similarly, 
V. 


t-|  “b  C-it/^Vc  G 


1  "  "l'-2''5 


-yi 


Substituting  for  from  Equation  (1),  we  obtain 


V. 


(t^  -  G^) 


1  -  tito  e 


-yi 


(2) 


1"2 


Also, 


V. 


=  0 


and 


V, 


C2V5 


1 


Substituting  for  from  Equation  (1) ,  we  obtain 


V 


4 


where 


-yl/2 


1  -  t3_t2  e 


■YS- 


(3) 


Ci.ti 


^2  ’  ^2 


Y 

a 


complex  voltage  coupling  and  transmission 
coefficients  of  coupler  1,  respectively. 

These  coefficients  vary  with  distance  between 
the  main  line  and  the  ring. 


complex  voltage  coupling  and  transmission 
coefficients  of  coupler  2,  respectively. 

These  coefficients  vary  with  distance  between 
the  main  line  and  the  ring. 


a  +  j3  ,  complex  propagation  constant  in  the  ring 
attenuation  constant  in  the  ring 
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A 

I 


g 

g 


=  2TT/Ag,  phase  constant 
=  guide  wavelength  in  the  ring 
=  mean  ring  circumference. 


It  is  to  be  noted  that  for  a  loss-less  coupler 


+  It^l^  =  1 

(4a) 

C2l^  +  |t2l^  =  1 

(4b) 

Furthermore,  for  symmetrical  couplers, 


"l 

=  t2  -  t 

^1 

=  C2  =  c 

Therefore , 

- 

=  1 

(5a) 

c 

t 

IfI 

(5b) 
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P^r f 6 ct  Ts j  SC t ion  between  ports  1  and  2 
may  be  obtained  by  setting  IV2I  =  0,  which  at  resonance  yields 


^al  _ 


when 


1^  -  1^: 

'1  -  Ic, 


^  =  1.2....) 

^go  =  guide  wavelength  at 


Thus,  for  perfect  rejection  Equation  (6)  requires  that 


for  a  >  0,  or 


IC2I  =  VI  -  (1  -  |c3^r)e^“^  (7) 

The  above  condition  should  be  applied  if  the  filter  is  to  be 
used  as  a  band  rejection  filter.  However,  the  condition  for 
maximum  output  voltage,  V4,  for  a  given  bandwidth,  can  be 
shown  to  be  Cl  =  C2  =  c.  Thus,  when  attenuation  of  the  ring 
is  considered,  the  conditions  are  different  for  obtaining 
IV2I  -  0  and  |V4|  =  maximum.  The  conditions  of  equal  coupling 
and  thus  maximum  |V4|  are  to  be  employed  when  a  low-insertion 
loss,  bandpass  response  between  ports  1  and  4  is  required,  or 
when  the  filter  is  to  be  used  as  a  channel-dropping  filter. 

The  resonant  condition  of  the  ring  filter,  given  as 
5  ~  3bt>ve,  is  only  approximate,  since  the  guide  wave¬ 

length,  Ago.  of  the  uncoupled  portion  of  the  loop  is  different 
in  general,  from  that  of  the  coupled  portion.  However,  in 
most  practical  cases,  the  filter  Q  under  loaded  condition  is 
rather  high  (i.e.  ,  ^  100)  resulting  in  a  low  voltage  coup¬ 

ling  coefficient  (i.e. ,  Jc|  <<  1).  As  a  result,  the  resonant 
wavelength  would  be  nearly  uniform  all  around  the  loop  and 
^  condition  can  be  used. 

The  loaded  Ql  of  the  filter  may  now  be  calculated  under 
the  conditions  Ci  =  C2  =  c  and  ti  =  t2  =  t.  At  resonance, 
the  output  voltage  is 


cl  2  g-a«./2 


c|2)e-«^ 
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At  a  different  frequency  within  the  filter  bandwidth  which 
corresponds  to  an  electrical  length  around  the  ring  equal  to 
Ivn  +  0,  the  output  voltage  is 


V, 


c|2  ^-al/2 


1  -  (1  - 


(9) 


where  it  is  assumed  that,  for  narrow-band  filters, 


c(f) 

a(f) 


c(fo) 


a(f  ) 
o 


(10a) 

(10b) 


Define  the  filter  loaded  as 


f 

o 

aT 


^(‘2  -  V 


^(±0  ■  h) 


(11) 


where 


o 

Af 


frequency  of  resonance 
filter  3  db  bandwidth 
upper  3  db  frequency 
lower  3  db  frequency. 


At  the  upper  half-power  point,  fa  or  02,  IV4I  is  obtained  from 
Equation  (9).  The  value  of  IV4I  is  also  equal  to  1//Z  V4(fQ) 
given  in  Equation  (8).  This  equivalency  is  shown  below. 


IV, 


I  1 2  -al/l 
c  e 


1  -  (1  -  |c|2)e'(°‘^'^j®2) 


1 2  -aif2 
c  e 


/7  1  -  (1  -  |c|^)e’“^ 


(12) 


which  yields 


cos  02  =  1 


{1  -  (1  -  |c|^)e'”^} 


0/1  1  |2x  -ail 

2(1  -  |c|  )e 


(13) 
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Since  02  is  small  for  narrow-band  filters,  cos  69  may  be 
replaced  by 


cos  0, 


1  1 
1  -  2  02 


and 


1  -  (1  -  101^)0"°^^ 

(1  -  |c|-)^  e-°‘^/2 


(14) 


but 

00  =  (3  0  -  3  )«- 

2  g2  ^go^ 

and  therefore 
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1  -  (1  -  |c|^)e~”^ 
a  -  lc|^)^ 


(15) 


where 


go 


=  3 


g'f=f 
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2tt 

^go 


®g2  “  ®gl£=£2 


2tt 

^g2 


X  =  X  at  f 
go  go 

'g2  -  *g  “  h' 


In  order  to  obtain  an  expression  for  Ql  in  terms  of  |c|  and  a, 
it  would  be  necessary  to  relate  A3  of  Equation  (15)  to  the 
filter  bandwidth,  Af  or  Am.  Thus,®for  narrow  bandwidths , 


A3 


g 


- 


Am 

•  T 


(Am)  ^^go 

2  dm„ 


®o  <*e£o 


(16) 
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where 


dB 

__S£ 

d  B 


B=B, 


g 


=  2tt/  X 


g 


=  2Tr/X, 


=  freespaee  wavelength  at  f^, 


It  can  be  shown  that  (see  Reference  1) ; 


dB 


dB 


^  =  X  /\  +  B  M 


O'  go 


o  o 


(17) 


where 


4b 


/e  (normalized  height  of  image  guide) 

A  ^ 


M 


- - — (slope  of  image  guide  dispersion  curve 


dB, 


'o  for  the  Ej^j^  mode  at  B^) . 
dielectric  constant. 


Combining  Equations  (15),  (16),  and  (17)  yields 


3. 


■2W  +  W 

s 


(X^/X^^  +  M^B^)(1  -  lc|^)^  g-a£/2 

'  o  go  o  o  _ _ _ 

°  2T  -al 


(18) 


(1  -  |cl  )e 


where 


£  =  nX 


go' 


It  should  be  noted  that  this  expression  gives  the  true  loaded 
Ql  of  the  resonator  as  it  would  be  measured  and  takes  into 
account  the  external  loading  due  to  both  couplers  combined  with 
the  losses  in  the  transmission  line  of  the  ring. 
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for  a«-  <<  1  and  |  c  p 


<<  1. 


Using  Equation  (23)  in  Equation  (24)  yields 


^°®io  jr: 


(1) 


<5l«u> 


Consider  the  following  example: 

2a  =  0.200  in. 

b  =  0.100  in. 

R/2a  =  3.815 

Ej.  =  9.8 

f^  =  13.874  GHz 

a  =  0.027  np/in. 

^  =  4.794  in. 

|c|  =  6.71  X  lo‘2  at  f  . 

o 

For  this  example, 


Ql/Qu  =  0.6586 

and  from  Equation  (25) : 
L  =  9.33  db 


whereas  the  exact  expression,  Equation  (24a),  gives 
L  =  9.15  db 


(25: 
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indicating  that  Equation  (25)  is  accurate  for  low-loss  rings 
and  weak  coupling. 


Measurements  performed  on  the  above  Ku-band  ring  filter 
have  shown  the  following  results; 

f  =  13.896  GHz 

o 

Ql  =  397 

compared  with 

f  =  13.974  GHz 

o 

Qt  =  408 


calculated  on  the  basis  of  the  above  theory.  Thus,  consider¬ 
ing  the  close  correlation  between  theory  and  experiment,  it 
should  be  possible  to  accurately  design  single-ring  channel 
dropping  filters  to  given  specifications. 

b .  Simulation  Approach 

The  simulation  model  has  been  shown  in  Figure  3.  In 
order  to  calculate  the  bandpass  response  of  a  ring  filter  it 
is  necessary  to  evaluate  the  expression  obtained  from  Equa¬ 
tion  (3)  by  substituting  Cj^  =  C2  =  c  and  =  t2  =  t. 

(a+j  3  )il 

2  -  - S — 

c  e  9 

(26) 


e-(a+j6g)il 


This  requires  the  calculation  of  the  complex  voltage 
coupling  and  transmission  coefficients  of  the  two  directional 
couplers  shown  in  Figure  3.  Since  we  are  interested  in  the 
maximum  bandpass  response,  this  requires  the  two  couplers  to 
be  identical  so  that  Ci  =  Cz  =  c.  The  basic  theory  for  cal¬ 
culation  of  the  coupling  and  transmission  parameters  for  par¬ 
allel  coupled  dielectric  image  lines  can  be  found  in  Refer¬ 
ence  [1].  In  order  to  model  the  curved  sections  of  the  ring, 
a  piecewise-linear  approach  was  taken  using  small  stepped 
sections  of  parallel  coupled  lines.  A  superposition  of  the 
parameters  was  then  performed  to  obtain  composite  coupling, 
transmission,  and  phase  terms.  The  end  result  was  a  means  of 
calculating  the  theoretical  filter  response  given  the  physical 
parameters  of  the  ring.  It  is  this  simulation  approach  which 
was  used  to  calculate  resonant  frequencies  for  various  ring 
structures  which  are  described  in  later  sections. 


c .  Experimental  Filter  Data 

An  experimental  effort  was  conducted  to  evaluate  the  per¬ 
formance  of  various  ring  filter  structures.  The  main  purpose 
of  this  work  was  to  determine  the  effects  of  the  various  phys¬ 
ical  parameters,  and  aid  in  the  proper  choice  of  a  ring  filter 
for  the  data  bus  application.  A  fixture  was  fabricated  which 
permitted  the  testing  of  various  size  rings  with  different 
coupling  gaps. 

The  ring  test  plate  is  a  three  port  device  consisting  of 
three  K-band  waveguide- to-dielectric  image  guide  launchers. 

Two  of  the  launchers  are  connected  to  a  straight  section  of 
dielectric  line  forming  the  main  line  of  the  device.  The 
coupled  part  launcher  is  fed  by  a  dielectric  line  which  is  at 
a  slight  angle  to  the  main  one.  The  angle  on  the  coupled  part 
line  permits  the  positioning  of  rings  with  various  coupling 
gaps  on  the  input  and  output  sides  of  the  filter  structure. 

A  typical  bandpass  ring  response  for  a  loosely  coupled 
ring  is  shown  in  Figure  4.  This  ring  has  a  cross  section  of 
0.106  X  0.106  in.  and  an  outer  radius  of  0.339  in.  The  coup¬ 
ling  gap  was  set  at  0.106  in.  which  implies  loose  coupling. 

The  general  characteristics  of  a  bandpass  ring  filter  are 
demonstrated  in  Figure  4,  and  are  stated  as  follows: 

•  Multiple  bandpass  responses  occur  at  frequencies 
where  the  circumference  is  approximately  nXg. 

•  Coupling  decreases  as  frequency  increases. 

Ring  filters  with  three  different  size  radii  were  fabri¬ 
cated  from  Custom  Materials  707-L  plastic  with  a  dielectric 
constant  of  e  =9.8.  These  rings  were  designed  to  be  com¬ 
patible  with  tfte  existing  data  bus  dielectric  waveguide  lines, 
i.e. ,  they  have  the  0.010  in.  air  gap  beneath  and  0.106  x 
0.106  in.  overall  cross  sections.  A  drawing  of  these  rings  is 
shown  in  Figure  5 .  The  following  experimental  data  will  be 
presented  to  demonstrate  the  bandpass  response  obtainable  as 
a  function  of  the  ring  radius  and  coupling  gap.  Only  equal 
coupling  gaps  (c  =  ci  =  C2)  on  the  input  and  output  sides  of 
the  ring  will  be  considered  since  this  was  the  condition  stated 
for  the  maximum  bandpass  response. 

Typical  K-band  responses  for  the  three  rings  of  different 
radius  are  shown  in  Figure  6.  Both  of  the  coupling  gaps  were 
set  at  0.040  in.  for  all  of  the  cases  shown.  The  ring  radius 
is  therefore  a  means  for  varying  the  position  of  the  bandpass 
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response  in  the  frequency  domain.  As  the  radius  of  curvature 
of  the  ring  is  decreased,  radiation  losses  due  to  the  excess 
bending  increase.  It  has  been  previously  determined  (in 
Reference  [1])  that  a  practical  minimum  normalized  circuit 
bend  (Ro/guide  width)  is  on  the  order  of  three.  Smaller 
bends  will  operate  as  a  filter,  but  with  increased  radiation 
loss  . 

The  effects  of  changing  the  coupling  gap  between  the 
ring  structure  and  the  feed  lines  is  demonstrated  in  Figure  7 . 
The  experimental  data  was  taken  for  equal  coupling  gaps  on 
both  sides  of  the  ring.  The  radius  of  the  ring  was  0.363  in., 
and  coupling  gaps  of  0.025,  0.050,  and  0.070  in.  were  used. 

An  increase  in  the  coupling  gap  caused  increased  insertion 
loss  and  decreased  the  loading  of  the  ring.  The  loaded  Q  of 
the  filter  increased  as  the  coupling  was  decreased.  _  One  other 
effect  of  varying  the  coupling  gap  is  a  downward  shifting  of 
the  center  frequency  of  the  responses  as  the  gap  is  increased. 
This  change  in  center  frequency  can  be  attributed  to  the 
change  in  the  dispersion  characteristics  of  the  coupled  sec¬ 
tions  of  the  ring. 

To  summarize,  the  ring  filter  is  a  multiple  resonant 
structure  which  can  be  used  to  transfer  a  maximum  possible 
microwave  signal  between  dielectric  waveguide  lines  at  dis¬ 
crete  frequencies.  This  multiple  resonant  effect  may  be 
viewed  as  a  disadvantage,  therefore  a  method  for  eliminating 
some  of  the  spurious  responses  will  be  presented  in  a  later 
section , 

The  use  of  this  filter  as  an  in-line  bandpass  device 
required  maximum  signal  transmission  with  minimum  loss.  This 
requires  tighter  coupling  between  the  ring  and  feed  lines  for 
a  specific  frequency  in  order  to  minimize  coupling  losses. 
.Also,  low- loss  dielectric  material  such  as  alumina  is  re¬ 
quired  for  the  construction  of  an  optimal  device.  The  radius 
of  curvature  of  the  ring  must  be  kept  large  enough  so  that 
energy  is  not  lost  through  radiation. 

The  ring  filter  can  also  be  used  as  a  sampling  device  to 
coup]e  discrete  signals  fr- n  a  main  bus  line.  In  this  case, 
the  amount  of  coiipling  necessary  is  governed  by  the  amount  of 
loading  that  can  be  tolerated  on  the  main  line  and  sensitiv¬ 
ity  of  any  detection  devices  connected  to  the  coupled  part  of 
the  filter.  The  design  in  this  case  is  dependent  on  the 
application . 

The  frequency  response  of  the  ring  filter  has  been  shovm 
to  be  a  function  of  various  parameters.  In  the  following 
section  this  dependence  will  be  investigated  further  and  a 
means  of  controlling  the  response  discussed. 
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3.  Tunable  Bandpass  Ring  Filter 

a .  Introduction 

In  a  previous  section  it  was  stated  that  the  ring  filter 
has  a  resonant  frequency  response  when  its  length  is  some  nAg 
(n  =  1,2,3,...)-  This  condition  was  said  to  be  approximate 
because  the  guide  wavelength  in  the  ring  filter  is  different 
in  the  coupled  and  uncoupled  portions  of  the  filter.  The  guide 
wavelength  around  the  ring  is  therefore  a  function  of  position 
along  the  ring.  If  a  method  existed  for  controlling  or  chang¬ 
ing  the  effective  guide  wavelength  around  the  ring,  the  fre¬ 
quency  response  of  the  filter  could  also  be  changed. 

b .  Ring  Filter  Tuning  Considerations 

It  is  known  that  the  dispersion  characteristics  of  in¬ 
sulated  image  guide  (insulator  guide)  are  a  function  of  the 
thickness  of  the  low  permittivity  dielectric  layer  used  to 
suspend  the  high  dielectric  constant  waveguide  off  the  metal 
ground  plane.  The  theoretical  dispersion  characteristics  tor 
a  V-band  insular  waveguide  dominant  Er^i  mode  are  shown  in 
Figure  8  for  various  t/b  ratios  [2].  Figure  8  clearly  shows 
the  variations  in  dispersion  curves  that  occur  for  a  fixed 
waveguide  structure  as  the  dielectric  substrate  varies  in 
thickness.  To  demonstrate  this  dependence  more  clearly. 

Figure  9  shows  an  example  in  which  the  frequency  is  held  con¬ 
stant  at  60  GHz,  and  the  ratio  is  plotted  as  a  function 

of  t/b.  From  Figure  9  it  is  seen  that  there  may  be  signifi¬ 
cant  variation  in  the  guide  wavelength  on  the  thickness  of  the 
substrate  layer  for  a  fixed  waveguide  height,  b,  that  is  pro¬ 
posed  for  tuning  of  the  ring  filter. 

To  demonstrate  the  feasibility  of  tuning  a  ring  filter  by 
varying  the  gap  beneath  the  ring,  a  computer  simulation  was 
performed  for  a  filter  at  K-band.  The  resonant  frequency 
responses  of  a  ring  filter  in  the  bandpass  configuration  were 
calculated  as  the  gap  beneath  the  ring  was  increased  from 
0.010  in.  to  0.080  in. 

The  dielectric  or  insular  layer  in  this  simulated  filter 
was  assumed  to  be  an  air  gap,  therefore  e^g  =  1-0. _  The  theor¬ 
etical  ring  filter  used  in  this  K-band  simulation  is  shown  in 
Figure  10.  The  simulation  was  accomplished  using  a  computer 
program  combining  the  ring  filter  analysis  and  insulated  image 

guide  analysis. 

The  results  of  the  simulation  are  summarized  in  Figure  11 
From  the  frequency  versus  gap  curve,  it  is  seen  that  the  reson 
ant  frequency  changes  as  the  gap  beneath  the  ting  changes, 
with  the  greatest  variation  being  seen  for  small  values  of  the 
gap.  The  second  curve  in  Figure  11  is  a  plot  of  A/Ag  versus 
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Fig.  II  THE  EFFECTS  OF  AN  AIR  GAP  ON  A  BANDPASS  RING  FILTER 


gap  for  an  uncoupled  section  of  image  guide  with  the  same 
cross  section  as  the  ring.  A  comparison  of  the  two  curves 
of  Figure  11  shows  that  as  the  guide  wavelength  becomes  less 
sensitive  to  the  gap  effect,  the  change  in  the  resonant  fre¬ 
quency  of  the  ring  also  becomes  less  sensitive. 

Figure  11  demonstrates  the  theoretical  feasibility  of 
tuning  a  ring  by  varying  the  air  gap  beneath  it.  In  the 
following  section,  an  actual  device  which  implements  this 
tuning  procedure  is  described. 

c.  An  Experimental  Tunable  Bandpass  Filter 

An  experimental  tunable  bandpass  filter  was  constructed 
for  K-band  operations.  The  tunable  filter  consists  of  a  di¬ 
electric  ring  mounted  in  a  bandpass  configuration  between  two 
sections  of  dielectric  waveguide  which  form  the  input  and 
output  feed  lines.  The  ring  structure  rides  on  a  piston 
whichis  spring-loaded  and  mounted  in  the  metal  baseplate. 

A  tuning  screw  is  mounted  above  the  ring,  and  used  to  control 
the  piston  movement  and,  in  turn,  the  gap  between  the  ring 
and  baseplate.  A  cross  section  sketch  of  the  device  is  shown 
in  Figure  12 . 

Figure  13  is  a  photograph  of  the  experimental  K-band 
filter  mounted  on  a  test  plate.  The  dielectric  ring  is  seen 
in  the  center  of  the  test  plate  with  the  micrometer  tuning 
screw  mounted  above  it.  Three  of  the  output  ports  of  the 
device  are  fed  into  standard  metal  waveguide- to-dielectric 
image  guide  launchers  for  the  connection  of  test  equipment. 
The  fourth  port  is  terminated  with  a  ferrite  load. 

The  material  used  for  the  dielectric  guides  and  ring 
structure  was  Custom  Materials  High-K  707L  plastic  with  a 
dielectric  constant  of  Cj.  =  9.8.  This  material  has  a  higher 
loss  tangent  than  alumina  ceramic,  but  is  much  easier  to 
machine  and  work  with  for  laboratory  prototypes. 

The  tunable  filter  shown  in  Figure  13  was  continuously 
tunable  over  a  3  GHz  range  as  the  air  gap  was  increased  from 
0.0  to  0.022  in.  The  0.0  in.  gap  is  only  approximate,  since 
the  tuning  mechanism  did  not  enable  the  complete  elimination 
of  all  the  air  gap  beneath  the  ring.  Although  the  response 
could  be  easily  tuned  over  the  3  GHz  range,  the  useful  tuning 
range  due  to  increased  insertion  loss  at  larger  gaps  was 
about  2  GHz.  This  increase  in  insertion  loss  is  attributed 
to  the  fact  that  as  the  gap  is  increased  there  is  a  decoup¬ 
ling  of  the  ring  from  the  fringe  fields  of  the  feed  line. 

The  tuning  characteristics  of  a  single  resonant  response  for 
the  experimental  filter  are  presented  in  Figure  14. 
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In  Figure  14  the  continuous  tuning  of  the  filter  can  be 
seen  as  the  gap  is  varied  from  0.0  to  0.010  in.  As  the  air 
gap  is  increased,  the  resonant  response  is  seen  to  tune  up¬ 
ward  in  frequency  as  would  be  expected  from  the  theoretical 
results  of  Figure  11 . 

The  center  frequencies  of  the  bandpass  responses  are 
plotted  in  Figure  15  for  the  complete  tuning  range  of  the 
filter  from  0.0  to  0.022  in.  gap.  Also  presented  in  Figure  15 
are  the  theoretical  center  frequencies  for  the  filter  using 
the  computer  simulation  mentioned  earlier.  It  can  be  seen 
that  there  is  reasonable  correlation  between  the  theoretical 
and  experimental  data.  The  discrepancy  above  the  0.005  in. 
gap  is  attributed  to  the  approximations  in  the  simulation. 

The  discontinuity  in  the  tuning  of  the  experimental  filter 
below  a  gap  of  0.005  in.  is  attributed  to  the  tuning  mechanism 


4 .  Conclusions  and  Extensions 

The  effort  under  this  program  has  resulted  in  the  develop 
ment  of  a  mechanically  tunable  bandpass  ring  coupler.  The 
tunable  feature  increases  the  usefulness  of  such  a  device,  not 
only  in  the  data  bus  system,  but  also  in  other  communication 
and  radar  systems.  The  application  of  this  device  has  been 
demonstrated  by  incorporating  it  into  the  Model  400  Data  Bus 
System  as  described  in  Part  II  of  this  report.  Without  the 
tunable  feature,  it  is  very  difficult  to  obtain  similar  re¬ 
sponses  from  two  couplers.  This  difficulty  arises  because 
the  responses  of  individual  rings  are  found  to  have  slightly 
different  physical  dimensions  arising  from  machine  tolerances. 
With  the  help  of  the  tunable  feature,  one  coupler  is  designed 
to  have  a  fixed  frequency  response  and  the  other  is  made  tun¬ 
able.  Slight  differences  in  center  frequency  are  then  easily 
aligned  with  the  tunable  coupler. 

The  couplers  developed  under  this  program  have  a  typical 
rejection  of  10  to  15  db .  This  rejection  may  not  be  adequate 
in  a  number  of  cases.  Furthermore,  the  couplers  have  a  peak 
at  multiple  frequencies.  It  is  highly  desirable  to  reduce 
these  multiple  peaks  in  order  to  increase  the  number  of 
channels.  To  further  improve  the  coupler  design  in  these  two 
respects,  the  multiple  ring  configuration  of  Figure  16  is 
suggested.  The  coupler  consists  of  two  rings,  one  having  a 
fixed  frequency  response  and  the  other  a  tunable  feature.  In 
addition,  the  ring  dimensions  are  chosen  to  be  different. 

With  the  proper  choice  of  dimensions,  it  is  possible  to  design 
two  rings  tuned  to  the  same  center  frequency  but  having  dif¬ 
ferent  multiple  peak  responses.  Consequently,  the  composite 
response  for  the  two  rings  will  have  sharper  skirts  at  the 
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center  frequency  and  the  response  at  other  frequencies  will 
be  greatly  decreased.  Slight  variations  in  the  center  fre¬ 
quency  responses  of  the  two  rings  can  easily  be  aligned  by 
the  tunable  ring.  Development  of  such  an  improved  device 
will  further  increase  its  usefulness. 


SECTION  III 


PART  II 

MODEL  400  DATA  BUS  SYSTEM 


1 .  General  System  Description 


The  Model  400  system  is  a  part  of  the  overall  data  bus 
system  shown  in  Figure  17.  It  consists  of  three  MODEM  ter¬ 
minals  connected  in  series  with  the  nonmetallic  dielectric 
cable  as  shown  in  Figure  17.  The  Multiplex  Terminal  Units 
(MTUs) ,  where  the  A/D  conversion  and  time  division  multiplex¬ 
ing  are  achieved,  are  not  part  of  the  Model  400  system  and 
must  be  provided  externally.  As  shown  in  Figure  17,  termi¬ 
nals  Nos.  1  and  2  are  connected  by  a  short  cable,  whereas  a 
100  ft  cable  is  used  to  connect  terminals  Nos.  2  and  3. 
Dielectric  cable  is  the  main  data  bus  external  to  the  ter¬ 
minals  but  due  to  use  of  MILIC  technology  inside  the  termi¬ 
nals,  MILIC  main  bus  is  used  inside.  The  interfacing  between 
the  MILIC  main  bus  and  dielectric  cable  is  carried  out  by 
appropriate  launchers  also  shown  in  Figure  17. 


A  photograph 
standard  rack  is 
graph  is  a  4  ft  s 
connects  terminal 
cable  connecting 
figure  except  for 
MODEM  is  shown  in 
nected  at  the  "Bu 
waveguide  flanges 
waveguide  bus  are 
flange . 


of  the  three  MODEM  terminals  mounted  on  a 
shown  in  Figure  18.  Visible  in  the  photo- 
ection  of  the  dielectric  waveguide  bus  which 
s  Nos.  1  and  2.  The  100  ft  section  of  the 
terminals  Nos.  2  and  3  is  not  shown  in  the 
cable  launchers.  A  view  of  one  terminal 
Figure  19.  The  dielectric  cable  is  con- 
s  Connectors"  which  are  standard  K-band 
(UG-595U) .  The  launchers  on  the  dielectric 
also  made  to  attach  to  a  standard  K-band 


Each  MODEM  terminal  unit  has  a  provision  for  a  maximum 
of  four  modules,  each  of  which  may  be  either  a  transmitter 
or  a  receiver.  The  transmitters  and  receivers  are  modular¬ 
ized  and  are  interchangeable  to  facilitate  reconfiguration 
of  the  functional  operation  of  the  terminal.  Associated 
with  each  module  are  connectors  marked  A,  B,  C,  and  D  on 
the  front  panel,  as  shown  in  Figure  19.  Each  of  these  con¬ 
nectors  could  act  as  either  an  input  or  an  output  port  de¬ 
pending  on  whether  the  module  is  a  transmitter  or  receiver. 
Each  of  these  modules  operates  at  a  predetermined  microwave 
carrier  frequency  in  the  Ku-band  (22  to  30  GHz) .  The  Model 
400  system  in  its  present  form  has  two  Frequency  Division 
Multiplex  (FDM)  data  channels  with  their  carrier  frequencies 
being  nominally  at  23  GHz  and  23.5  GHz  respectively.  Both 
channels  can  be  operated  simultaneously  with  independent 
data  channels. 
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Subsystems 


BLOCK  DIAGRAM  OF  A  THREE  TERMINAL  DIELECTRIC 
WAVEGUIDE  MICROWAVE  DATA  BUS  SYSTEM 


The  layout  of  the  modules  for  each  terminal  of  the 
Model  400  system  is  shown  in  Figure  20.  Each  terminal 
houses  the  MILIC  main  bus,  as  shown,  together  with  the 
modules.  Terminal  No.  1  houses  one  23  GHz  transmitter  and 
receiver.  The  other  two  positions  are  blank  and  could  be 
used  for  future  expansion.  In  terminal  No.  2,  one  23  GHz 
transmitter  and  receiver  module  each  are  installed  together 
with  a  receiver  module  operating  at  23.5  GHz.  Terminal  No.  3 
contains  one  transmitter  and  one  receiver  at  23  GHz  together 
with  one  transmitter  at  23.5  GHz.  The  fourth  blank  position 
in  terminals  Nos.  2  and  3  is  available  for  future  expansion. 

Each  of  the  modules  is  placed  close  to  the  MILIC  main 
bus.  Couplers  mounted  on  these  modules  are  used  to  couple 
microwave  signals  to  or  extract  them  from  the  main  bus.  The 
23  GHz  channel  in  the  system  uses  broad-band  couplers,  where¬ 
as  the  23.5  GHz  channel  uses  frequency  selective  ring  coup¬ 
lers.  The  input/output  connectors  for  each  module  are  also 
shown  in  Figure  20.  Photographs  of  top  and  bottom  views  of 
the  three  terminals  are  shown  in  Figures  21  through  23  and 
Figures  24  through  26  respectively. 

A  generalized  block  diagram  of  the  transmitter  and  re¬ 
ceiver  modules  is  shown  in  Figure  27 .  The  transmitter  mod¬ 
ule  consists  of  a  Gunn  oscillator,  a  driver  circuit  and  a 
coupler.  The  oscillator  output  is  coupled  to  the  MILIC  main 
bus  through  the  coupler.  In  the  23  GHz  channel,  wide-band 
couplers  are  used,  whereas  narrow-band  frequency  selective 
couplers  are  incorporated  in  the  23.5  GHz  channel,  The ^ 
oscillator  is  pulse-modulated  (interrupted  CW)  by  a  digital 
signal  from  a  MTU  through  a  driver  circuit.  The  interrupted 
CW  modulation  is  achieved  by  direct  pulsing  of  the  supply 
of  the  Gunn  device. 

In  the  receiver  module,  the  microwave  signal  is  ex¬ 
tracted  from  the  MILIC  main  bus  through  a  coupler.  The  sig¬ 
nal  is  then  mixed  with  a  local  oscillator  giving  an  output 
at  an  IF  of  160  MHz,  which  is  then  amplified.  A  Gunn  oscil¬ 
lator  provides  the  local  oscillator  signal  which  couples  • 
into  the  mixer  through  a  10  db  MILIC  coupler.  The  23  GHz 
channel  consists  of  a  separate  preamplifier  and  a  main 
amplifier  at  160  MHz.  Both  of  these  amplifiers  use  hybrid 
thin  film  technology.  The  23.5  GHz  channel  uses  only  one 
main  amplifier  also  employing  hybrid  thin  film  technology. 
The  IF  amplifier  drives  an  envelope  detector  which  utilizes 
a  Schottky  barrier  diode.  This  is  followed  by  a  threshold 
circuit  employing  a  voltage  comparator.  The  threshold  level 
is  set  to  be  on  the  linear  portion  of  the  detector  transfer 
function.  This  circuit  converts  the  received  on/off  RF 
pulses  to  the  standard  digital  output. 


Milic  Main  Bus 


Terminal  No.  3  x  Wideband  Coupler 

O  Ring  Coupler 

Fig.  20  MODEL  400  DATA  BUS  SYSTEM  LAYOUT 
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Fig.  22  TERMINAL  NO.  2  TOP  VIEW 
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RECEIVER  MODULE  BLOCK  DIAGRAM 


2. 


Description  of  23.5  GHz 
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28  TRANSMITTER  MODULE  (23.5  GHz  CHANNEL) 


Fig.  29  RECEIVER  MODULE  (23.5  GHz  CHANNEL) 


3. 


Description  of  23  GHz  Channel 


The  23  GHz  channel  is  similar  to  the  23.5  GHz  channel 
except  that  it  uses  wide-hand  couplers  instead  of  frequency 
selective  ring  couplers.  Furthermore,  in-between  the  wide¬ 
band  couplersand  the  oscillator  (or  mixer),  an  additional 
3  db  coupler  is  used.  This  configuration  provides  bidirec¬ 
tional  signal  flow  capability  as  discussed  further  in  Sec¬ 
tion  2b  of  Part  III.  For  this  channel,  data  can  be  inputted 
at  any  one  of  the  three  transmitter  modules  located  one  each 
on  the  three  MODEM  terminals.  The  data  can  be  outputted  from 
any  of  the  three  receiver  modules  located  on  the  three  ter¬ 
minals.  Data  rates  of  up  to  about  10  Mb/s  can  be  achieved 
on  this  channel. 


4 .  Component  Description 

a .  Oscillator  Design 

The  data  bus  system  required  the  development  of  eight 
Gunn  diode  oscillators.  Six  of  these  oscillators  were  used 
in  the  three  rebuilt  23  GHz  channels.  The  remaining  two 
oscillators  were  used  in  the  23.5  GHz  channel.  An  identical 
design  was  used  for  both  transmitter  and  local  oscillators. 

The  bias  circuit  was  slightly  modified  for  the  local  oscil¬ 
lators  which  did  not  require  any  modulation  capability. 

The  oscillators  finally  used  in  the  Model  400  system 
represent  a  significant  improvement  over  those  developed 
previously  under  Contract  F33615- 73-C-0263 .  The  new  oscil¬ 
lator  design  incorporates  a  new  cavity  design  which  has 
resulted  in  better  stability  and  more  power  output. 

The  oscillator  cavity  design  chosen  is  shown  in  Figure  30. 
This  oscillator  consists  of  a  post-mounted  Gunn  device*  in  a 
direct  coupled  waveguide  cavity.  The  frequency  of  operation 
is _ determined  by  the  distance  from  the  post  to  the  back  wall, 
which  should  be  approximately  a  half  guide  wavelength  at  the’ 
operating  frequency.  Mechanical  tuning  is  provided  by  a 
dielectric  screw  which  is  placed  between  the  post  and  back 
wall  in  a  position  of  high  electric  field.  The  dielectric 
screw  tunes  the  oscillator  down  in  frequency  as  tuner  depth, 
d,  increases.  Therefore,  the  oscillator  is  initially  de¬ 
signed  to  operate  at  a  slightly  higher  frequency,  and  is 
tuned  down  by  use  of  the  dielectric  screw. 


Type  No.  MA-49179-118 ,  49180-118,  Microwave  As  sociates , 
Burlington,  Massachusetts. 
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The  direct  coupled  cavity  oscillator  with  the  post- 
mounted  diode  has  proven  to  be  a  successful  design  for  use 
with  MILIC  technology.  It  provides  for  the  integration  of 
a  rectangular  metal  waveguide  to  MILIC  transition  in  the 
front  portion  of  the  mount  (shox^m  in  Figure  30)  .  The  Q  of 

this  oscillator  mount  was  measured  and  found  to  be  on  the 
order  of  210. 

Each  of  the  eight  oscillator  mounts  was  individually 
tested  in  order  to  insure  proper  operation.  The  mounts  to 
be  used  as  local  oscillators  were  required  to  operate  in  a 
CW  mode,  and  to  be  continuously  tunable  over  a  frequency 
range  of  both  high  and  low  IF  frequencies.  The  four  trans¬ 
mitter  oscillators  were  evaluated  under  both  CW  and  pulsed 
modulation  operating  conditions  before  being  included  in  the 
system.  A  typical  set  of  tuning  curves  for  a  23  GHz  trans¬ 
mitter  oscillator  mount  is  presented  in  Figures  31  and  32. 
The  power  output  versus  bias  voltage  data  are  given  in 
Figure  31.  A  typical  mechanical  tuning  response  is  shown 
in  Figure  32  for  the  dielectric  screw  tuner. 

The  performance  data  for  the  four  transmitter  oscil¬ 
lators  are  presented  in  Table  1 .  The  output  power  of  the 
oscillators  was  measured  by  placing  the  mount  on  a  test 
plate  which  fed  a  5  in.  section  of  dielectric  line  and  a 
transition  to  rectangular  metal  waveguide.  Therefore, 
standard  waveguide  test  equipment  could  be  used. 


TABLE  1.  Transmitter  Oscillator  Data 


Data  Bus  Frpnnpnnr  Output  Power  V,  1  *- 

Terminal  ^^^equency  Bias  Voltage 


5.00 


23.461 


+12.0 


5.25 

5.75 

5.00 


The  procedure  for  tuning  these  oscillators  consists  of 
first  adjusting  the  center  frequency  with  the  dielectric 
screw.  Subsequent  to  frequency  tuning,  the  power  output 
should  be  maximized  by  adjustment  of  the  bias  voltage. 


Output  Power  In  <^bm 


Fig.  31 


oscr.Vo'iffu  transmitter 

OSCILLATOR  ( Measured ) 
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Fig.  32  MECHANICAL  TUNING  CURVE  FOR  TYPICAL  23  G 
transmitter  oscillator  (Measured) 


Interrupted  CW  modulation  of  the  transmitter  is  accom¬ 
plished  by  direct  pulsing  of  the  B"*"  supply  to  the  Gunn  diode 
oscillator.  The  driver  schematic  is  given  in  Figure  33.  A 
yA  9615  IC  line  receiver  accepts  standard  digital  signals 
from  a  twisted-pair  or  single-ended  line.  When  no  input  line 
is  connected,  the  input  is  biased  internally  to  turn  off  the 
oscillator.  The  line  receiver  output  in  the  form  of  TTL  logic 
levels  is  applied  to  an  MH  0026  clock  driver  IC  which  drives 
the  Gunn  device.  The  output  pulse  level  is  determined  by  the 
B+  to  the  MH  0026  which  is  supplied  by  an  adjustable  regulator 
circuit  consisting  of  an  LM  723  IC  and  an  M5E370  current  boost 
transistor. 

b .  Mixer  Design 

The  four  mixer  diode  mounts  used  on  the  receiver  modules 
were  of  the  same  type  developed  under  the  previous  Contract 
F33615-73-C-0263 .  Three  of  the  receivers  were  designed  to 
operate  at  an  RF  frequency  of  23  GHz,  while  the  new  unit  was 
developed  at  23.461  GHz. 

The  data  bus  system  employs  a  Schottky-barrier  mixer 
diode  to  provide  an  intermediate  frequency  difference  between 
the  transmitter  signal  and  the  local  oscillator  drive.  The 
semiconductor  device  is  a  Microwave  Associates  MA40015 
Schottky-barrier  mixer  diode  with  a  6.5  db  noise  figure.  It 
is  mounted  in  a  reduced  height  waveguide  structure  for  imped¬ 
ance  matching  purposes.  The  IF  output  is  taken  through  an 
OSM  connector  located  on  the  underside  of  the  receiver  module. 

A  choke  is  provided  to  prevent  leakage  of  the  K-band  fre-^ 
quencies  through  the  IF  output.  A  cross  section  of  the  mixer 
mount  is  shown  in  Figure  34. 

c.  IF/Video  System 

The  IF  section  of  the  23  GHz  receivers  operates  at  a 
160  MHz  center  frequency  with  a  50  MHz  bandwidth.  It  consists 
of  separate  preamplifiers  and  main  amplifiers,  both  of  which 
are  hybrid  thin- film  units.  The  preamplifiers  are  RHG  Elec¬ 
tronics  Laboratory  Model  ICFT16050,  with  a  nominal  gain  of 
25  db,  noise  figure  of  30  db,  and  a  200  ohm  input  impedance  to 
match  the  mixer. 

The  main  amplifiers  are  RHG  Model  ICE16040.  The  nominal 
maximxim  gain  is  60  db  and  can  be  reduced  to  approximately  40  db 
by  means  of  a  gain  control.  The  gain  is  adjusted  to  keep  the 
noise  level  below  the  video  threshold  level  so  no  noise  is 
introduced  into  the  system  in  the  absence  of  signals. 
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Fig.  33  TRANSMITTER  SCHEMATIC 


CROSS  SECTION  OF  K  -  BAND  MIXER  MOUNT 


The  23.5  GHz  receiver  uses  a  single  IF  amplifier  having 
a  low-noise  input  stage  and  input  impedance  to  match  the 
mixer.  The  center -frequency  is  120  MHz  and  the  bandwidth 
is  100  MHz.  Other  characteristics  are  similar  to  the  ampli¬ 
fiers  described  above.  This  unit  is  manufactured  by  LEL/ 
Varian  and  is  Model  ICA-1-120-100-50-S-200-12 . 

The  video  circuitry  and  LO  voltage  regulator  are  con¬ 
tained  on  a  printed  circuit  board  and  are  shown  schematic¬ 
ally  in  Figure  35.  This  board  is  the  same  in  the  23  and 
23.5  GHz  receivers. 

The  IF  amplifier  drives  an  envelope  detector  which  uti¬ 
lizes  an  HP  5082-2301  Schottky-barrier  diode.  The  detector 
has  a  threshold  effect  in  that  its  reduced  sensitivity  at 
very  low  signal  levels  prevents  much  of  the  system  noise 
from  being  detected.  Conversely,  limiting  in  the  IF  ampli¬ 
fier  reduces  the  detector  output  on  high-level  signals. 

The  video  detector  drives  a  threshold  circuit  employing 
an  NE529  IC  voltage  comparator.  This  circuit  converts  the 
received  pulses  to  a  standard  TTL  digital  signal.  The 
threshold  circuit  is  followed  by  a  pA  9614  IC  line  driver 
which  is  capable  of  driving  a  single-ended  or  twisted-pair 
line  with  standard  logic  signal  levels. 

The  video  board  includes  an  MC1460  IC  voltage  regulator 
with  an  M5E520  current  boost  transistor  to  supply  the  Gunn 
LO  diode.  It  has  an  output  range  of  5  to  7  volts. 

d.  Data  Bus  Cable 

Three  different  lengths  of  dielectric  data  bus  cable 
were  delivered  with  the  previous  system.  The  cable  lengths 
consisted  of  4,  20,  and  100  ft  sections  including  launchers 
at  each  end  for  terminal  interface.  This  section  describes 
the  relevant  performance  characteristics  of  the  cables. 

Each  consists  of  a  rectangular  waveguide  core  of  poly¬ 
ethylene  surrounded  by  a  low  density  polystyrene  foam  and 
encased  in  a  heat-shrink  jacket.  This  rectangular  core  has 
the  advantage  that  the  electric  field  polarization  is  con¬ 
trollable,  and  always  maintained  normal  to  the  broad  wall  of 
the  dielectric  waveguide  core.  The  rectangular  cross  section 
prevents  the  electric  field  from  lotating  even  if  the  cable 
is  curved  or  twisted.  The  isolating  medium  is  a  polystyrene 
foam  formed  by  toroidal  doughnut  sections  0.75  in.  long. 

The  outer  jacket  is  a  heat-shrinkable  tubing  used  to  keep 
the  form  cylinders  in  place  on  the  core.  The  construction 
of  the  dielectric  waveguide  bus  is  shown  in  Figure  36. 


The  launchers  provide  a  gradual  transition  from  the  TEk, 
mode  of  rectangular  metal  waveguide  (K-band  WR-42)  to  the 
rectangular  Eh  mode  of  the  dielectric  waveguide.  The  two 
halves  of  the  launcher  clamp  together,  capturing  the  center 
core  which  is  tapered  to  a  point  within  the  launcher. 


The  attenuation  characteristics  of  the  different  length 
cables  are  shown  in  Figure  37.  At  the  main  system  operating 
frequency  of  23  GHz  the  cables  have  2.00,  6.75,  and  27.2  db 
attenuation  for  the  4,  20  and  100  ft  cables  respectively 
Included  in  these  figures  are  the  losses  of  the  mode  transi¬ 
tions  at  both  ends  of  the  cable.  Therefore,  using  the  27.2  db 
igure  for  the  100  ft  cable,  a  cable  loss  for  the  dielectric 
bus  can  be  estimated  at  0.272  db/ft. 


MILIC  Main  Bus 


The  loss  of  the  MILIC  main  bus  in  each  of  the  three  MODEM 
terminals  was  also  determined  under  no-load  conditions.  The 
insertion  loss  is  shown  in  Figure  38.  The  losses  shown  in- 
c lude  two  rectangular  metal  waveguide- to- image  waveguide  tran- 
sitions  and  the  MILIC  main  bus  line.  Blank  modules  were  used 
in  the  MODEM;  therefore  the  results  are  for  an  unloaded  main 
bus.  Typically,  the  main  bus  causes  an  insertion  loss  of  5 
to  7  db  over  a  very  wide  frequency  band.  A  return  loss  mea¬ 
surement  on  the  three  MODEMs  gave  a  VSWR  of  1.1  to  1.2  over 
the  frequency  range  of  19  to  26  GHz. 


Test  Results 


The  Model  400  Data  Bus  System  was  tested  by  simultaneously 
applying  digital  data  of  different  bit  rates  to  both  channels. 
For  the  23  GHz  channel,  all  possible  combinations  of  inputs 
and  outputs  were  tested.  Typical  inputs  and  outputs  from  the 
system  for  the  two  channels  are  shown  in  Figures  39  and  40 
^  j '  1  data  rates  used  in  this  example  were 

100  db/s  and  1  Mb/s  respectively  for  the  23  GHz  and  23.6  GHz 
channels . 


,  In  addition,  tests  were  also  conducted  to  determine  the 
signal  margin  at  each  receiver  input.  The  signal  margin  has 
been  defined  as  the  degree  to  which  the  signal  at  a  receiver 
input  exceeds  the  minimum  level  required  to  operate  the  re¬ 
ceiver.  This  has  proven  to  be  a  useful  measure  of  system 
performance  and  a  means  of  diagnosing  malfunctions  such  as 
increased  loss  or  reduced  gain  in  some  portion  of  the  system 
or  detuning  of  the  oscillators.  This  measurement  was  made  by 
inserting  a  variable  attenuator  in  series  with  the  dielectric 
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Frequency 


Fig  37  ATTENUATION  CHARACTERISTICS  OF  THE  THREE  DATA  BUS  CABLES 


Frequency  In  GHz 


INSERTION  LO 
THE  MODEMS 


Fig,  39  INPUT  DATA  WAVEFORMS 

Top  -  23.0  GHz  Channel 
Botfom-23.5  GHz  Channel 


Fig.  40  OUTPUT  DATA  WAVEFORMS 

Top  -  23.0  GHz  Channel 
Bottom-23.5  GHz  Channel 
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cables  and  noting  the  attenuation  that  can  be  added  without 
degrading  the  receiver  output.  Some  form  of  standard  digital 
waveform  was  transmitted  for  this  test,  usually  a  square  wave 
The  test  was  repeated  for  all  combinations  of  transmission 
paths  between  the  three  terminal  MODEMS.  Typical  results  are 
given  in  Table  2. 


TABLE  2.  Signal  Margin  Test  Results 


Channel 

Terminal  Number 
of  Transmitter 

Terminal  Number 
of  Receiver 

Margin 

(db) 

1 

2 

37 

23.0  GHz 

1 

3 

15 

-  - 

2 

1 

28 

23.0  GHz 

20 

2 

3 

3 

1 

13 

23.0  GHz 

13 

3 

2 

23.5  GHz 

3 

2 

29 

The  above  results  show  that  for  any  given  combination  the 
signal  margin  is  better  than  at  least  10  db.  Such  a  margin  is 
sufficient  for  all  practical  purposes. 
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6.  Conclusions  and  Extensions 


The  Mod^al  400  Data  Bus  System  in  its  present  configura- 
tion  operates  with  two  Frequency  Division  Multiplexed  (FDM) 
data  channels.  Transmission  of  data  on  both  channels  can  be 

rates  of  up  to  about 

10  Mb/s  on  each  channel  can  be  achieved.  In  addition  to 

thrcanSinf  niulti-channel_ operation,  the  system  also  has 
the  capability  of  bi-directional  signal  flow.  For  the  23  GHz 

nuSed^L^^  inputted  at  any  one  of  the  three  MODEMs  and  out¬ 
putted  at  any  of  them.  For  the  23.5  GHz  channel,  signal  flow 
IS  possible  only  from  MODEM  2  to  MODEM  3,  although  this  chan¬ 
nel  capability  can  be  enhanced  at  a  later  date  ^ 


The  Model  400  system  also  demonstrates  the  application 
of  tunable  narrow-band  frequency  selective  couplers.  As  dis- 
cussed  in  Parts  II  and  IV,  such  filters  result  in  small  in¬ 
sertion  loss  and  are  ideal  for  data  bus  applications. 


During  the  present  program,  considerable  effort  was 
spent  on  redesigning  the  data  bus  components,  such  as  oscil- 

ih? rh  ’  ■!  o RF  circuitry.  This  has  resulted  in  a  system 
which  IS  considerably  stable  and  more  reliable.  This  system 
can  ba  easily  extended  to  include  additional  channels  ^In 
sunmary,  the  system  demonstrates  the  capability  of  dielectric 
cable  and  MILIC  technology  for  transferring  multi-channel 
bi-directional  data  signals  on  an  airborne  platform. 
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SECTION  IV 


PART  III 

d^ata_bus_^ystem  design  applicable  to 

XL-_L6  FLIGHT  CONTROL  SIGNALS 


1-  Introduction 

results\rthrstSdy''condScted°L‘'^L’'SelLtrifdatrbas 

"^n  YF-lrfU^ht^^^tr^l 

applicable  to  generalized  concepts 

p?Lented  waveguide  data  bus  system^are 

data  format  aJe ’ proseMeS"'"'’""  to  redundancy  and 


Waveguide  Data  Bus  Concep t s 
a .  Generalized  Block  PiaKram 


shown^^i^Kgurf  4l£n  Mocrdl^grirfom^^"  TL'^•^portan^com' 

MODEMS  and,  the  Multiplex  TerSlna/un^Jr 

be  simultaneously  useS/'^r“duird°m^™SLv1"far?^^^ 

Frequency  Division  Multiplex  (FDM)  concept,  one  pJedeJeriSlLd 

StStL  ‘»^=lgned  to  only  ont  4rrlet  signal 

K  ^  Station.  Another  signal  enterine 

fereni^  h^°"’  ?  another  station  must  do  so  at  a  dif¬ 

ferent  channel  frequency.  However,  any  carrier  signal  at  a 
given  channel  frequency  can  be  extracted  at  one  or^more  sta¬ 
tions  simultaneously.  ^ 


.  flexibility  of  the  system  can  b^ 
Consider  the  case  of  a  carrier  signal  at 
Figure  41.  This  signal  enters  the  bus  a; 


shown  by  an 
frequency  fs 
station  No. 


example . 

in 

5 


71 


SECTION  IV 


PART  III 

DATA  BUS  SYSTEM  DESIGN  APPLICABLE  TO 
YF-16  FLIGHT  CONTROL  SIGNALS 


^ ■  Introduc  t ion 

The  purpose  of  this  part  of  the  report  is  to  present  the 
results  of  the  study  conducted  on  the  dielectric  data  bus 
concepts  and  their  application  to  the  YF-16  flight  control 
signals.  In  the  following  sections,  generalized  concepts 
applicable  to  the  dielectric  waveguide  data  bus  system  are 
presented.  This  is  followed  by  a  description  of  the  signal 
flow  requirements  of  the  YF-16  flight  control  signals.  The 
model  of  these  requirements  is  presented  both  in  schematic 
and  tabular  forms.  Finally,  a  conceptual  data  bus  configura¬ 
tion  meeting  the  signal  flow  requirements  has  been  presented. 
It  should  be  emphasized  that  this  configuration  shows  only 
one  possible  means  of  accommodating  the  signal  flow  require¬ 
ments.  Finally,  considerations  relating  to  redundancy  and 
data  format  are  presented. 


2 •  Dielectric  Waveguide  Data  Bus  Concepts 

a .  Generalized  Block  Diagram 

A  representative  dielectric  waveguide  data  bus  system  is 
shown  in  Figure  41  in  block  diagram  form.  The  important  com¬ 
ponents  of  the  system  consist  of  the  dielectric  waveguide  as 
the  transmission  medium,  frequency  selective  ring  couplers, 
MODEMS  and  the  Multiplex  Terminal  Units  (MTU).  In  the  figure, 
the  transmission  line  is  shown  to  have  five  stations  at  which 
multi-channel  signals  are  either  coupled  to  or  extracted  from 
the  main  bus.  At  each  station,  one  or  more  ring  couplers  can 
be  simultaneously  used,  A  modulated  microwave  carrier  signal 
centered  at  a  given  frequency  is  coupled  to,  and/or  extracted 
from,  the  transmission  medium  at  each  ring  coupler.  In  the 
Frequency  Division  Multiplex  (FDM)  concept,  one  predetermined 
channel  frequency  is  assigned  to  only  one  carrier  signal^ 
entering  the  bus  from  any  station.  Another  signal  entering 
the  bus  from  the  same  or  another  station  must  do  so  at  a  dif¬ 
ferent  channel  frequency.  However,  any  carrier  signal  at  a 
given  channel  frequency  can  be  extracted  at  one  or  more  sta¬ 
tions  simultaneously. 

The  flexibility  of  the  system  can  be  shown  by  an  example. 
Consider  the  case  of  a  carrier  signal  at  frequency  fs  in 
Figure  41.  This  signal  enters  the  bus  at  station  No.  5 
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(coupler  No.  11)  and  is  simultaneously  extracted  at  stations 
Nos.  1  (couplp  No.  4)  and  4  (coupler  No.  9)  respectively. 

In  general,  the  flexibility  of  the  system  allows  simultane- 
ous  coupling  and/or  extraction  of  a  total  of  m  signals  at  any 
station,  each  signal  being  centered  at  a  different  frequency 
The  m  signals  may  all  enter  or  all  be  extracted  from  the  bu^ 
or  some  of  these  signals  may  enter  the  bus  with  the  remaining 
signals  being  extracted  from  it  in  any  combination.  Further- 
more,  the  value  of  m  may  change  from  station  to  station.  In 
the  figure,  m  -  4  at  station  No.  1  and  consists  of  two  sig¬ 
nals  entering  the  bus  and  the  other  two  signals  extracted 
from  the  bus.  At  station  No.  2,  m  =  2  with  both  signals 
entering  the  bus  and  so  on.  The  system  configuration  of 
Figure  41  thus  offers  great  flexibility  and  a  modular  design 
feature.  It  should  be  noted  from  the  figure  that  there  is 
simultaneous  bi-directional  flow  of  signals  along  the  bus. 


The  MODEMS  serve  the  purpose  of  processing  the  inputs 
from  and  outputs  to  the  MTU  so  as  to  make  them  compatible  with 
the  carrier  frequency  signals  required  for  the  data  bus.  For 
the  dielectric  waveguide  data  bus  system,  the  MODEM  can  per¬ 
form  both  functions  of  transmitter  and  receiver.  Such  a  MODEM 
IS  referred  to  as  a  Type  T/R  MODEM  in  the  figure.  Obviously, 

It  can  be  modularlv  designed  to  have  just  the  transmit  (Type  T) 
or  receive_(Type  R)  features  as  shown  in  the  figure.  Further 
It  IS  possible  for  either  type  to  have  a  modular  capability 
for  the  addition  of  more  channels  for  future  expansion.  The 
three  terminals  of  the  Model  400  System  described  earlier  in 
Part  II  are  examples  of  MODEMs. 


^  The  inputs  to  the  MODEM  can  be  either  a  baseband  analog 
signal  or  digital  data  or  both.  The  FDM  dielectric  data  bus 
system  has  the  flexibility  of  handling  both  analog  and  digital 
signals  simultaneously.  Furthermore,  these  inputs  need  not 
all  be  of  the  same  bandwidth  or  bit  rate.  The  MODEMs  can  be 
individually  tailored  to  accommodate  signals  of  different 
bandwidths  without  too  much  difficulty.  The  modularity  and 
flexibility  of  the  dielectric  data  bus  system  presents  a 
tremendous  advantage  for  any  practical  system  design. 


The  MTUs  serve  the  purpose  of  converting  the  input  sig- 
nals  from  the  subsystems  into  signal  inputs  compatible  with 
the  input  to  the  MODEMs.  Such  functions  as  A/D  or  D/A  con¬ 
version,  multiplexing,  demultiplexing,  etc.,  are  performed  in 
this  unit.  Design  of  such  units  is  well  within  the  state-of- 
the-art.  In  some  instances,  the  signals  from  the  subsystems 
may  be  compatible  with  the  requirements  of  the  MODEM  inputs. 
In  these  cases,  the  MTU  may  not  be  required  at  all,  as  shown 
in  the  generalized  configuration  of  Figure  41. 
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b .  Duplex  Operation 

The  representative  diagram  of  Figure  41  uses  a  simple 
ring  coupler  arrangement.  This  technique  limits  the  coupling 
of  the  signal  in  one  direction  only  depending  on  the  orienta¬ 
tion  of  the  coupler  post  with  respect  to  the  main  line.  This 
is  further  illustrated  in  Figure  42a.  However,  if  in  a  sys¬ 
tem  application  it  becomes  necessary  to  transmit  the  signal 
in  both  directions,  two  arrangements  for  bi-directional  coup¬ 
ling  are  shown  in  Figure  42b.  In  the  first  arrangement,  an 
additional  ”3  db"  coupler  is  used.  The  flow  of  signals  in 
the  two  directions  is  shown  by  solid  and  dotted  arrows .  This 
configuration  suffers  a  3  db  loss  due  to  the  additional  coupler. 
In  the  second  arrangement,  the  same  signal  is  coupled  to  the 
main  bus  by  using  two  separate  ring  couplers,  each  operating 
at  a  different  frequency.  Thus,  the  two-directional  signal 
flow  is  achieved  at  two  separate  channel  frequencies.  The 
signal  flow  directions  for  the  receive  and  transmit  modes  are 
shown  in  the  figure. 

c .  Coupling  Considerations 

In  a  data  bus  system  design,  the  insertion  loss  and  coup¬ 
ling  ratio  of  the  ring  couplers  must  be  taken  into  account. 

These  terms  are  defined  in  Figure  43.  The  insertion  loss  of 
the  couplers  arises  due  to  power  split  alone  and  due  to  mis¬ 
match  losses,  etc.  For  bandpass  ring  couplers,  the  insertion 
loss  due  to  power  split  alone  is  a  function  of  frequency, 
whereas  that  due  to  mismatch,  etc.,  is  fairly  constant  over  a 
wide  bandwidth.  At  frequencies  other  than  the  resonant _ fre¬ 
quency  of  the  ring  coupler,  the  losses  due  to  power  split  alone 
are  negligible  and  the  total  insertion  loss  is  primarily  gov¬ 
erned  by  the  mismatch  losses  only.  This  lies  typically  in  the 
0.1  to  0.3  db  range.  At  resonant  frequency,  on  the  other  hand, 
losses  due  to  power  split  alone  constitute  a  major  component 
of  the  total  insertion  loss,  which  lies  typically  in  the  1  to 
2  db  range,  depending  on  the  coupling  ratio. 

The  differences  in  the  insertion  loss  of  the  coupler  at 
resonance  and  at  off-resonance  are  exploited  in  the  data  bus 
applications.  This  feature  may  be  viewed  by  considering  the 
coupler  as  a  channel  dropping  filter  in  that  only  those  sig¬ 
nals  tuned  to  the  resonant  frequency  of  the  ring  are  extracted 
from  the  main  bus.  Other  microwave  signals  flowing  on  the  bus 
are  transmitted  through  the  coupler  without  significant  losses. 
If,  instead  of  the  frequency  selective  ring  couplers,  wide¬ 
band  couplers  were  used,  the  insertion  loss  at  resonance  and 
at  off-resonance  would  have  been  approximately  the  same.  Thus, 
the  use  of  ring  couplers  offers  a  tremendous  advantage  in  data 
bus  applications  since  it  reduces  the  power  requirements  of 
transmitters  or  increases  the  length  of  the  dielectric  cable 
over  which  communication  can  be  achieved. 
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Fig.  42a  UNDIRECTIONAL  COUPLING  ARRANGEMENT 


Fig.  42b  BIDIRECTIONAL  COUPLING  ARRANGEMENT 


As  mentioned  above,  the  inqpr^^nn 

power  output  of  Pt  is  connected  and  f  yith 

extracted  at  coupler  No  S  talo  rreceiver^'^K" 
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from  coupler  No.  11  t“couDler  No  V  passage 
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tuned  to  fs.  This  example  illustrates  thi  terminology.^ 

receiver  is  then  given^fro^Figu^rS  as^foUowsl^^^'' 


L  =  X  (1  -  X)*^  +  m£  +  cable  loss 


where 


I 

=  total  insertion  loss 

coupling  factor  of  those  couplers  tuned  to  thJ 
signal  frequency  H 

^  coupler  tuned  to  a  frequency 
other  than  the  signal  frequency  ^ 

number  of  intermediate  couplers  between  signal  \ 
source  and  sink,  and  tuned  to  a  frequency  other\ 
than  signal  frequency  ^ 

number  of  intermediate  couplers  between  signal 
source  and  sink  and  tuned  to  the  signal  frequency, 


slgnarpowe^"transferrerbe?„een“cl“^r‘'  ““Imum 

receiver.  This  Is  obtained  br““ing"f 


dx 


on 


P. 

1 


=  0 


This  yields 


X  = 


n  +  2 


(28) 


va^lLs  vaJuL'ol  ><  f"r 
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d.  Interchannel  Interference  Considerations 

An  FDM  data  bus  system  can  suffer  from  the  problem  of 
interference  in  the  desired  channel  caused  by  normal  signals 
in  other  adjacent  channels.  Fortunately,  for  the  dielectric 
waveguide  data  bus  system  using  frequency  selective  couplers, 
this  is  not  a  serious  problem,  as  shown  below. 

In  a  dielectric  data  bus  system,  the  rejection  of  un- 
from  adjacent  channels  is  primarily  done  at 
the  IF  stage  of  the  receiver.  The  frequency  selective  coup- 
‘lers  provide  some  additional  rejection.  If  all  the  signals 
on  the  bus  at  a  particular  coupler  are  at  equal  levels,  the 
s el e c t ivi t ie s  of  the  IF  filter  and  ring  coupler  determine 
the  signal-to-interference  (S/I)  ratio  for  the  desired  sig¬ 
nal.  Typical  values  of  the  selectivities  of  the  IF  and  ring 
couplers  are  assumed  to  be  70  db  and  20  db  respectively. 
However,  in  the  data  bus,  with  signals  entering  and  leaving 
the  bus  at  different  points  and  varying  amounts  of  attenua¬ 
tion  along  the  bus  and  intermediate  couplers,  the  signal 
levels  may  not  all  be  equal  at  any  particular  tap.  Thus,  the 

be  as  large  as  that  established ’by 
the  IF  filter.  This  is  illustrated  with  the  following  example. 

Consider  the  situation  of  Figure  45  in  which  the  data 
bus  is  shown  to  have  20  couplers  of  6  db  coupling  ratio  each 
at  desired  signal  frequencies.  Signals  at  different  channel 
frequencies  are  shown  to  enter  the  bus  at  couplers  Nos.  2, 

7,  10,  12,  and  20.  Any  one  or  all  of  these  signals  may  be 
extracted  from  any  desired  coupler.  In  particular,  let  us 
consider  the  case  in  which  signals  extracted  at  coupler  No.  1 
consist  of  the  desired  signal  at  frequency  fs  entering  the 
bus  at  coupler  No.  20  and  all  other  undesired  signals  at 
different  frequencies  entering  the  bus  at  other  couplers,  as 
shown.  Let  us  further  assume  that  among  the  18  intermediate 
couplers,  five  couplers  are  tuned  to  frequency  fs  and  the 
remaining  13  couplers  are  tuned  to  other  frequencies.  It  is 
also  assumed  that  all  signals  enter  the  bus  at  equal  levels 
assumed  to  be  0  dbm.  The  level  of  undesired  signal  at  fre¬ 
quency  fi  at  the  output  port  of  coupler  No.  1  (or  alternately 
at  the  input  of  the  IF  amplifier)  is  -26  dbm  and  is  due  to  a 
coupling  loss  of  6  db  at  coupler  No.  2  and  a  20  db  rejection 
due  to  the  selectivity  of  coupler  No.  1  tuned  to  frequency  f 5 
The  cable  losses  have  been  neglected  in  this  example.  The 
level  of  desired  signal  at  frequency  fs  is  -26  dbm  and  con¬ 
sists  of  two  coupling  losses  or  6  db  each  at  couplers  Nos.  1 
and  20,  insertion  loss  of  7.5  db  due  to  five  intermediate 
couplers  tuned  to  fs  at  1.5  db  each,  and  6.5  db  due  to  the 
remaining  13  couplers  at  0.5  db  each.  Thus,  in  this  example, 
the  levels  of  the  desired  and  undesired  signals  are  the  same.’ 
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Consequently,  the  IF  filter  selectivity  determines  the  S/I 
ratio.  If  instead  of  frequency  selective  couplers,  wide¬ 
band  couplers  were  used,  the  undesired  signal  would  not  have 
undergone  a  20  db  rejection  and  the  S/I  ratio  at  the  output 
of  the  IF  amplifier  would  have  been  +50  db .  This  is  still 
more  than  adequate.  In  the  above  example,  if  the  number  of 
intermediate  couplers  tuned  to  fs  was  increased  from  5  to  18, 
the  signal  level  at  frequency  fs  at  the  output  port  of  coup¬ 
ler  No.  1  is  reduced  to  -39  dbm.  This  is  obtained  by  a  6  db 
loss  due  to  couplers  Nos.  1  and  20,  and  a  27  db  loss  due  to 
18  couplers  at  1.5  db  each.  The  signal  to  S/I  in  such  a  case 
at  the  output  of  the  IF  amplifier  will  be  +57  db .  However, 
it  is  still  quite  high  and  acceptable.  This  example  illus¬ 
trates  that  interchannel  interference  is  not  a  serious 
problem  in  the  data  bus  configuration  using  frequency  selec¬ 
tive  couplers. 


3 .  YF-16  Data  Bus  System  Configuration 

a.  Introduction 

The  objective  of  this  study  program  was  to  develop  a 
data  bus  configuration  tailored  to  accommodate  the  signal 
flow  requirements  of  a  specific  platform  and  to  demonstrate 
the  applicability  of  the  dielectric  waveguide  for  such  a 
situation.  Flight  control  signals  of  the  YF-16  aircraft  were 
chosen  as  an  illustrative  example.  A  model  of  the  flight 
control  signal  flow  requirements  for  this  aircraft  was  estab¬ 
lished  from  a  study  of  information  provided  by  the  Air  Force. 
Based  on  these  requirements,  a  dielectric  data  bus  configura¬ 
tion  was  developed  in  block  diagram  form.  It  shows  the  mul¬ 
tiplexing  and  coupling  of  various  signals  along  the  length 
of  the  data  bus.  All  the  flight  control  signals  are  digitized 
in  appropriate  number  of  bits  so  as  to  meet  the  resolution 
requirements.  The  system  uses  both  frequency  and  time  divi¬ 
sion  multiplexing  and  provides  for  multi-channel  bi-directional 
flow  of  information  along  the  bus.  Finally,  additional  fea¬ 
tures  for  the  system  such  as  redundancy  and  data  format  are 
identified . 

b .  YF-16  Flight  Control  Signal  Flow  Requirements 

The  major  components  of  the  flight  control  system  are 
the  sensors,  electronic  subassemblies  and  actuators.  The 
relative  locations  of  these  components  on-board  the  YF-16 
are  shovm  in  Figure  46.  As  shown,  most  of  the  sensors  and 
electronic  subassemblies  related  to  flight  control  signals 
are  located  in  the  front  of  the  aircraft.  The  Leading  Edge 
flap  drive  unit,  the  actuators  for  flaperon,  horizontal  tail 
and  rudder  controls  are  distributed  over  the  remainder  of 
the  aircraft  as  shown. 
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FLIGHT  CONTROL  SYSTEM  (YF-16) 


The  signal  flow  between  various  components  was  examined 
in  some  detail.  A  model  of  the  signal  flow  is  shoxvn  in 
Figure  47  in  a  schematic  form.  This  information  is  also 
provided  in  Tables  5  and  6.  In  Table  5,  most  of  the  sensor- 
oriented  signals  are  given,  whereas  the  actuator-related 
signals  are  included  in  Table  6,  Figure  47  shows  at  a 
glance  all  the  point-to-point  wiring  that  is  necessary.  The 
relative  locations  of  the  sensors,  subassemblies,  actuators, 
etc.,  are  maintained  in  Figure  47,  although  this  figure  is 
not  drawn  to  scale.  In  the  dielectric  data  bus  configura¬ 
tion  discussed  in  the  next  section,  all  of  the  signal  flow 
is  carried  on  a  single  cable. 

From  Figure  47,  the  Air  Data  Converter  (ADC)  accepts 
inputs  from  the  two  Angle  of  Attack  (AOA)  transmitters. 

Flight  Control  Computer  (FCC)  and  air  flow  data  from  the 
probes.  After  appropriate  processing  in  the  ADC,  signals  are 
sent  to  the  Leading  Edge  (LE)  Driver  Unit  and  cockpit  instru¬ 
mentation  assembly.  The  ADC  also  accepts  the  feedback  sig¬ 
nals  from  the  LE  driver  unit.  The  Flight  Control  Computer 
(FCC)  accepts  information  from  the  three  race  gyros,  acceler¬ 
ator  assemblies,  rudder  pedal,  sidestick  controller  and 
manual  trim  panel.  Signals  from  these  sources  are  processed 
in  the  FCC,  which  in  turn  generates  five  different  signals 
for  the  five  actuators.  The  FCC  also  sends  several  signals 
to  the  cockpit  instrumentation  assembly  which  also  accepts 
monitoring  signals  from  the  five  actuators  as  shown. 

The  detailed  characteristics  of  the  various  flight 
control  signals  are  presented  in  Table  7.  It  can  be  observed 
that  signals  are  primarily  analog  and  consist  of  both  dc  and 
ac  voltages.  The  bandwidth  of  each  of  these  signals  is  on 
the  order  of  a  few  tens  of  Hertz.  Consequently,  for  digiti¬ 
zation  purposes,  a  sampling  rate  of  100  Hz  or  more  will  be 
adequate.  The  voltage  range  for  these  signals  varies  con¬ 
siderably.  For  example,  the  range  is  ±0.5  VAC  for  stick 
force  and  10  VDC  for  angle  of  attack.  In  Table  7,  the  re¬ 
quired  resolution  of  signals,  for  which  information  was 
available,  is  also  given.  This  signal  resolution  is  then 
converted  into  the  voltage  resolution  requirement.  Examina¬ 
tion  of  the  ratio  of  the  maximum  voltage  range  of  a  signal 
to  the  required  voltage  resolution  shows  that  it  lies  typi¬ 
cally  in  the  1000  to  2000  range.  However,  for  certain  cases, 
such  as  angle  of  attack,  this  ratio  is  4000.  Thus,  in  order 
to  digitize  each  of  these  signals,  a  minimum  of  10  bits  to 
a  maximum  of  12  bits  will  be  necessary  to  meet  the  resolution 
requirements . 
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TABLE  5.  Signal  Flow  Requirements 
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TABLE  6.  Signal  Flow  Requirements 
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Fig.  49  YF-16  DATA  BUS  SYSTEM  DESIGN 
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The  LH  AOA  information  consists  of  fbur  different  signals 

oti  l2  ,  “ll^'  EacVi  pf  these  signals  is  A/D 

converted  and  then  time  division  multiplexed  to  give  a  com¬ 
posite  digital  signal.  The  digital  signal  is  then  used  in 
the  MODEM  to  modulate  a  microwave  carrier  and  coupled  to 
the  bus.  Assuming  a  12  bit  binary  encoding  at  a  sampling 
rate  of  100  Hz,  the  data  rate  if  or  each  of  the  four  AOA  sig¬ 
nals  (aLLi  ***  is  1200  b/s.  After  time  division  multi¬ 

plexing,  the  data  rate  for  the  composite  signal  will  be 
approximately  5  kb/s.  Information  carried  on  Channel  1  is 
extracted  at  both  the  ADC  and  CADC. 

All  the  four  AOA  signals  are  extracted  by  going  through 
demodulation,  demultiplexing  and  D/A  conversion.  Channel 
No.  2  of  Data  Bus  A  carries  information  from  ADC  to  FCC. 

The  information  consists  of  16  different  signals.  In  this 
case  also,  assuming  a  sampling  rate  of  100  Hz  and  12  bit 
binary  encoding,  the  data  rate  for  the  composite  signal  is 
given  approximately  by  20  kb/s  (obtained  by  100  x  12  x  16  = 
19,200).  Channel  No.  3  on  this  bus  carries  the  acceleration 
and  manual  trim  information  consisting  of  five  different 
signals.  The  data  rate  for  the  composite  signal  is  approxi¬ 
mately  6  kb/s  (==100  X  12  X  5  =  6000).  Finally,  Channel  No.  4 
carries  the  information  from  the  rate  gyros  to  the  FCC.  In 
this  case,  three  different  signals  are  multiplexed,  giving  a 
data  rate  of  approximately  4  kb/s  for  the  composite  signal. 

Data  Bus  B  carries  the  following  signals: 

•  RH  AOA  Information 

•  Sidestick  and  Rudder  Forces 

(Fe.  Fa’  Fo> 

The  above  information  transfer  is  achieved  over  three 
FDM  channels  centered  at  fgj ,  fga ,  and  fgs  respectively. 

The  RH  AOA  information  on  Channel  No.  1  is  processed  in  the 
same  way  as  LH  AOA  signal  on  Data  Bus  A.  Channel  No.  2  of 
Data  Bus  B  carries  the  9  information  from  the  FCC  to  the 
ADC.  The  bit  rate  for  the  composite  signal  is  approximately 
4  db/s.  Finally,  on  Channel  No.  3,  the  side  stick  and 
rudder  force  information  is  transmitted.  The  data  rate  for 
these  composite  signals  is  also  approximately  4  kb/s. 

Data  Bus  C  carries  all  the  actuator  information  and 
signals  to  the  cockpit  instrumentation  as  follows: 


97 


Channel  1 
Channel  2 
Channel  3 


PRECEDING  PAGE  BUNK-NOT  FILMED 

.  . . 


Input  Commands  (2) 

°‘lL2’  °‘lR2’  “n*  ^ 

Psl'  Ps3'  %2 
Feedback  (rate  and  position) 
Five  Actuator  Signals 
Monitor  Signals  from  Actuators 


•Channel  1 

Channel  2 
Channel  3 
Channel  4 


Four  FDM  channels  are  used  in  Data  Bus  C.  In  Channel 
No  1,  the  input  commands  to  the  LE  Driver  Units  and  eight 
other  signals  going  to  the  cockpit  instrumentation  are  multi¬ 
plexed  together.  This  information  is  then  extracted  at  two 
locations  as  shown  in  Figure  50.  The  data  rate  for  the  com¬ 
posite  signal  in  this  case  is  approximately  22  kb/s.  Channel 

Se  feedback  signals  from  the  LE  Driver  to 

tne  ADC.  The  data  rate  is  approximately  5  kb/s.  The  five 

This^lnfo^f^^i®  from  the  FCC  are  multiplexed  on  one  channel. 
This  information  is  then  extracted  at  three  stations  and  dis¬ 
tributed  to  the  actuators.  Finally,  the  fourth  channel 
carries  the  monitor  information  from  the  five  actuators  to 
tne  cockpit  instrumentation  subassembly. 

The  information  transfer  between  various  sensors/ sub- 
assemblies/actuators  is  carried  out  continuously  in  real  time. 
This  simplifies  the  data  format  considerably.  In  this  case 
a  data  word  needs  to  consist  of  only  a  frame  pulse,  TDM  data 

destination  and  other  bus  command  in¬ 
formation  are  not  required  for  this  application. 

The  Model  400  System  can  operate  with  either  binary 

’^o^-return-to-zero  (NRZ) ,  or  Manchester 
^^aH  However,  Manchester  coding  is  recommended  in 

order  to  be  compatible  with  MIL-STD-1553. 

^  In  sugary,  the  configurations  of  Figures  49  and  50  show 
tnat  all  the  signal  flow  requirements  can  be  easily  accommo- 
dated  using  the  dielectric  data  bus  concepts.  In  fact  the 
Model  400  System  described  in  Part  II  can  be  further  expanded 

to  four  FDM  channels  and  used  to  test  the  flow  of  information 
by  using  actual  or  simulated  signals.  uxurmacion 
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d.  Redundancy  Considerations 


In  order  to  ensure  the  safety  of  the  aircraft,  redundancy 
must  be  provided  for  the  flight  control  signals.  For  the  di¬ 
electric  data  bus  system  configuration  discussed  in  the  last 
section,  two  types  of  redundancy  can  be  simultaneously  pro¬ 
vided.  First,  redundancy  is  achieved  by  transmitting  simul¬ 
taneously  the  same  information  on  any  given  channel  over  two 
or  three  other  FDM  channels  on  the  same  cable.  This  will  en¬ 
sure  against  failure  of  the  MODEM  for  any  given  channel.  In 
addition,  physical  redundancy  can  be  achieved  by  using  three 
dielectric  cables  carrying  all  the  information  in  parallel. 
These  cables  can  be  routed  differently  so  as  to  reduce  the 
probability  of  all  three  cables  damaged  simultaneously. 


A.  Conclusions 


The  study  of  the  YF-16  data  bus  system  described  in  this 
section  demonstrates  the  applicability  of  dielectric  waveguide 
for  use  as  the  transmission  medium.  The  data  bus  configura¬ 
tion  accommodates  all  the  flight  control  signal  flow  require¬ 
ments.  The  signal  flow  is  achieved  by  using  a  number  of  FDM 
channels  carrying  independent  data.  Three  physically  separate 
data  buses  are  proposed.  Two  of  these  buses  are  of  relatively 
short  lengths  on  the  order  of  20  to  30  ft,  while  the  third  bus 
extends  from  approximately  the  cockpit  area  to  the  rear  of  the 
aircraft.  The  data  rate  of  signals  on  each  FDM  channel  is  in 
the  5  to  25  kb/s  range.  This  presents  no  problems  with  the 
dielectric  data  bus.  In  fact,  a  considerable  amount  of  addi¬ 
tional  data  capacity  is  available  on  the  bus  and  can  be  used 
to  transfer  other  information  such  as  TV  or  other  avionics 
signals.  To  ensure  safety  of  flight,  redundancy  provisions 
are  also  provided.  Redundancy  can  be  achieved  not  only  by 
providing  additional  dielectric  cables,  but  also  by  adding  more 
channels  on  the  same  bus.  While  additional  dielectric  cables 
provide  protection  against  damage  to  the  cable,  more  channels 
on  the  same  bus  provide  protection  against  equipment  failure 
in  any  channel. 
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SECTION  V 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  overall  program  has  resulted  in  the  following: 

•  Improvement  and  expansion  of  the  Model  400  Dielectric 
Waveguide  Data  Bus  System 

•  Development  of  a  new  tunable  bandpass  ring  coupler 

•  Development  of  a  dielectric  data  bus  configuration 
applicable  to  YF-16  flight  control  signals. 

The  Model  400  Data  Bus  System  was  expanded  to  include  an 
additional  FDM  channel.  Furthermore,  the  MILIC  and  other  com¬ 
ponents  of  the  terminal  MODEMS  were  redesigr  sft)  so  that  the 
present  system  is  more  reliable  and  stable.  e  two  FDM  chan¬ 
nels  of  the  present  system  can  carry  digital  data  at  rates  of 
up  to  about  10  Mb/s  over  about  iOO  ft  of  dielectric  cable. 

In  order  to  facilitate  addition  of  the  second  FDM  channel 
into  the  Model  400  System,  frequency  selective  tunable  ring 
couplers  were  developed  in  MILIC  technology.  Such  couplers 
offer  considerable  advantages  over  wide-band  couplers  as  ex¬ 
plained  in  this  report.  In  this  context,  a  new  coupler  design 
providing  a  tunable  feature  was  invented.  The  availability  of 
this  tunable  feature  simplifies  the  alignment  procedures  con¬ 
siderably.  Finally,  during  a  study  program,  a  dielectric 
waveguide  data  bus  configuration  applicable  to  YF-16  flight 
control  signals  was  developed.  The  system  accommodates  all 
the  signal  flow  requirements.  The  system  has  considerable 
excess  capacity  so  that  TV  or  other  avionics  signals  can  also 
be  carried  over  the  same  data  bus.  This  program Nhas  thus  not 
only  resulted  in  the  demonstration  of  multi-channel  bi-direc¬ 
tional  flow  of  signals  on  dielectric  waveguide,  but  also  has 
shown  the  applicability  of  dielectric  data  bus  concepts  to  a 
specific  aircraft  (YF-i6)  . 

It  is  highly  recommended  that  the  present  Model  400 
System  be  integrated  with  some  actual  flight  control  sensors/ 
actuators,  etc.  By  interfacing  the  sensors/actuators  with 
th-^*  Model  400  MODEMS  through  appropriate  multiplexing  units, 
performance  of  the  actual  signal  transfer  can  be  evaluated. 
During  this  evaluation  phase,  more  channels  can  be  added  to 
the  Model  400  System  in  order  to  configure  the  complete  YF-16 
data  bus  system  presented  in  this  report. 

While  the  Model  400  Data  Bus  System  meets  almost  all 
the  requirements  for  such  systems,  it  suffers  from  a  drawback 
as  far  as  its  size  and  weight  are  concerned.  It  is  therefore 
proposed  that  future  efforts  in  dielectric  waveguide  systems 
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APPENDIX 


MILLIMETER  IMAGE  LINE  INTEGRATED  CIXCUITS  (MILIC) 

TECHNOLOGY 

1 .  Introduction 

To  be  useful,  an  integrated  circuit  technique  must  employ 
a  waveguide  that  is  surface-oriented  and  capable  of  fabrica¬ 
tion  by  some  kind  of  planar  technique.  The  Millimeter  Image 
Line  Integrated  Circuit  (MILIC)  technology  described  below  is 
a  true  planar  integrated  circuit  technology  and  has  very  desir¬ 
able  attenuation  properties  within  the  wavelength  of  interest 
(1,5  to  30  ram).  Over  the  last  few  years,  considerable  pro¬ 
gress  has  been  made  in  the  development  of  a  family  of  passive 
and  active  signal  processing  components  so  as  to  make  use  of 
this  technology  possible  for  building  integrated  systems. 

Within  this  Appendix,  various  aspects  of  this  technology  will 
be  discussed.  Topics  include:  the  insular  and  image  wave¬ 
guide  and  circuit  components,  transmission  line  properties, 
passive  and  active  components,  integrated  assemblies,  etc. 


2 .  The  Insular  Guide 

The  insular  waveguide  and  its  special  case,  the  image 
waveguide,  are  both  dielectric  waveguides  in  which  both  hori¬ 
zontal-plane  and  vertical-plane  guiding  take  place  because  of 
refractive  effects  between  the  dielectric  and  surrounding 
media.  This  is  an  approach  different  from  conventional  wave¬ 
guide  structures  (such  as  metal  tubular  guide,  microstrip, 
slot  line  and  others)  in  which  metal  structures  determine  the 
guide  path  of  the  transmission  line.  The  primary  advantage 
of  the  insular/image  waveguide  approach  for  microwave  inte¬ 
grated  circuits  (MICs)  is  lower  waveguide  attenuation  and  high 
component  Q.  In  receivers,  this  means  improved  noise  figure; 
in  transmitters,  it  means  better  oscillator  stability;  in 
highly  selective  circuits,  it  means  narrower  filter  bandwidth. 

The  insular  waveguide  configuration  is  shown  in  Figure 
A-1.  It  consists  of  a  high  permittivity  rectangular  dielec¬ 
tric  waveguide  resting  on  a  low-permittivity  substrate  which, 
in  turn,  rests  on  a  high- conductivity  ground  or  image  plane. 
Generally  speaking,  the  waveguide  dielectric  constant  should 
be  about  six  or  greater  and  can  extend  upwards  toward  100. 

The  dielectric  substrate  should  have  a  dielectric  constant  of 
2.6  or  less.  Low-loss  dielectric  and  ceramic  materials  are 
available  to  meet  both  dielectric  requirements. 
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The  Image  Waveguide 

_  The  special  case  of  the  insular  waveguide  where  t  =  0 
IS  known  as  the  high-permittivity  rectangular  image  waveguide. 
This  configuration  is  shown  in  Figure  A-2.  It  is  also  a  low- 
attenuation  waveguide,  but  the  attenuation  factor  will  exceed 
that  of  the  insular  guide  due  to  losses  in  the  ground  plane. 
Depending  on  the  thickness  t  of  the  isolating  substrate ,  the 
ground  plane  losses  in  the  insular  waveguide  can  be  reduced 
or  virtually  eliminated. 

line  was  considered  as  a  form  of  waveguide  in 
the  1940  s  and  1950' s.  The  early  investigations  were  limited 
to  the  semicircular  dielectric  image  line  in  which  low  per¬ 
mittivity  (e^  2.5)  materials  were  used.  Because  only  low 

permittivity  materials  were  used,  the  early  investigators 
found  that  the  image  line  showed  rather  poor  guidability. 

^  rather  large  radius  of  curvature  was  used, 
the  line  had  a  tendency  to  radiate  significant  amounts  of  the 
energy  it  was  guiding. 

Early  work  also  included  investigations  of  passive  de¬ 
vices.  Launchers  from  waveguide,  horns,  wires  and  slots,  and 
coaxial  cables  were  designed.  The  image  line  as  an  antenna  was 
evaluated.  Various  forms  of  dielectric  resonators  were  also 
considered  as  well  as  directional  couplers.  Very  little  prac¬ 
tical  value  was  derived  from  the  early  work,  primarily  because 
of  the  low-permittivity  materials  used  and  the  resulting  ten¬ 
dency  towards  radiation  at  curves  and  discontinuities. 

The  dielectric  image  waveguide  (or  the  insular  waveguide), 
even  though  it  is  an  open  form  of  waveguide,  has  been  shown  to 
be  a  useful  and  practical  waveguide  by  using  high-permittivity 
^terial.  The  image  line  is  a  refractive  waveguide 
in  which  guiding  takes  place  because  of  velocity  slowing  in 
the  guide  medium.  The  confinement  of  the  energy  to  the  guide 
depends  primarily  on  the  index  of  refraction  and,  to  a  lesser 
extent,  on  frequency  and  guide  dimensions.  It  has  been  shown 
in  experiments  at  IITRI  that  a  significant  improvement  in 
guidability  is  realized  by  increasing  the  relative  permittivity 
to  six  or  greater.  Guides  with  permittivity  as  high  as  90  have 
been  fabricated. 

The  demonstration  of  useful  guiding,  the  availability  of 
theory  for  the  high-permittivity  rectangular  image  line ,  and 
the  development  of  several  passive  and  active  devices  in  X- , 

Ku-  and  V-bands  now  make  it  a  very  attractive  technology  for 
use  at  the  millimeter  wavelengths. 
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4.  Properties  of  Insular  and  Image  Waveguide 

The  various  transmission  line  properties  of  the  two 
waveguide  forms  shown  earlier  in  Figures  A-1  and  A- 2  are 
reviewed  below.  Basically,  the  analysis  of  the  image  wave¬ 
guide,  its  modes,  losses  and  coupling  properties,  is  largely 
completed.  Beyond  these  basic  properties,  consideration  has 
also  been  given  to  radius  of  curvature,  power  handling  capa¬ 
bility,  isolation,  temperature  effects,  and  bandwidth  as  dis¬ 
cussed  in  sections  below. 

Throughout  much  of  the  discussion  which  follows,  the 
terms  image  and  insular  waveguides  will  be  used  virtually 
interchangeably  except  when  the  properties  of  one  or  the 
other  configuration  become  of  particular  importance  to  the 
particular  topic  under  consideration. 

a .  Modes  and  Guide  Wavelength 

The  image  guide  of  rectangular  cross  section  2a  by  b 
supports,  through  total  internal  reflection,  a  family  of  hy¬ 
brid  modes  designated  as  The  sub  indices  state  the  number 

of  extrema  (m  in  the  x  direction  and  n  in  the  y  direction)  of 
the  electric  or  magnetic  field  components.  These  modes  are 
essentially  TEM  modes  with  their  electric  field  virtually  along 
y  (vertically)  and  magnetic  field  along  x  (horizontally) .  The 
fundamental  mode  is  Eli  ,  whose  field  amplitudes  have  one  maxi¬ 
mum  in  each  direction  of  the  guide's  transverse  plane.  It  is 
of  interest  here  to  note  that  the  EYi  has  a  cutoff  frequency 
of  zero,’*"  whereas  all  higher-order  modes  have  a  nonzero  cutoff 
frequency . 

Dispersion  curves  (guide  wavelength  versus  frequency)  for 
various  guide  dimensions  and  dielectric  constants  are  quite 
similar  to  those  of  a  rectangular  metallic  waveguide,  except 
that  the  fundamental  mode  eL  has  zero  cutoff  frequency.  For 
single  mode  operation,  the  choice  of  the  guide  cross  sectional 
dimensions  must  be  based  on  the  cutoff  frequency  of  the  next 
higher-order  mode,  which,  for  an  aspect  ratio  of  a/b  ^  1,  turns 
out  to  be  the  E^i  mode.  On  the  basis  of  the  dispersion  curves, 
it  has  been  established  that  an  aspect  ratio  of  a/b  =  1  pro¬ 
vides  the  maximum  separation  between  the  EYi  and  eYi  modes  , 
and  therefore  the  maximum  single-mode  operating  bandwidth  for 
a  given  dielectric  constant.  Consider,  for  example,  the  inter¬ 
esting  case  where  the  waveguide  core  is  alumina  (e  =  9.0, 


In  practice,  the  dielectric  image  guide  has  a  "cutoff"  defined 
by  the  inability  of  the  guide  to  suitably  control  the  direc¬ 
tion  of  the  propagating  waves  along  a  curved  section  of  wave¬ 
guide  . 
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0.010  in.  thick  teflon  insulating  layer  increased  the  Q  to 
9000.  This  Q  is  1.6  times  higher  than  expected  in  silver- 
plated  air-filled  waveguide  at  the  same  frequency. 


c .  Isolation  Between  Waveguides 


Considering  the  nature  of  the  image  guide  structure,  it 
is  essential  that  the  problem  of  isolation  between  waveguides 
be  thoroughly  examined.  As  mentioned  previously,  there  are 
actually  two  distinct  mechanisms  that  affect  the  isolation 
between  two  image  guides  or  an  image  guide  and  a  metallic 
plate  that  might  be  part  of  the  waveguide  package.  These 
are:  (a)  proximity  effects  due  to  field  extent,  and  (b)  radi¬ 

ation  effects  due  to  either  abrupt  discontinuities  or  curved 
waveguide  sections. 


It  has  been  determined  that  the  fields  decay  exponen¬ 
tially  outside  the  waveguide  in  both  x-  and  y-directions . 
Theoretical  calculations  show  that  fields  outside  the  image 
guide  decay  very  rapidly  indeed.  For  example,  placing  a 
metallic  wall  or  obstacle  about  an  inch  away  at' 10  GHz  from 
the  air/dielectric  interface  of  the  image  guide  would  scatter 
fields  that  are  at  least  58  db  down  from  those  at  the  guide 
interface.  This  level  of  isolation  between  the  scattered  back 
fields  or  field  coupled  from  one  waveguide  to  another  nearly 
will  be  sufficient  in  most  cases  to  isolate  circuit  functions 
which  use  the  image  guide  as  a  transmission  medium. 


However,  it  is  well  known  that,  when  two  open  waveguides 
are  placed  in  proximity  to  each  other,  a  certain  percentage 
of  power  per  unit  length  is  transferred  from  the  primary 
(source)  to  the  secondary  guide,  and  that  eventually,  if  suf¬ 
ficient  coupling  length  is  provided,  most  of  the  power  will 
end  up  in  the  secondary  guide.  Theoretical  calculations  show 
that  for  typical  cases,  at  an  operating  frequency  of  10  GHz, 
the  coupled  field  into  the  output  port  of  the  secondary  guide 
would  be  -67  db  with  respect  to  the  field  at  the  input  port 
of  the  primary  guide  for  a  length  of  £  =  0.151  in.  which  de¬ 
creases  to  -47  db  for  £  =  1.51  in.  Further,  theory  shows 
that  the  isolation  between  guides  increases  substantially  as 
frequency  of  operation  increases.  To  further  increase  isola¬ 
tion,  the  separation  between  guides  must  be  increased. 


d.  Effects  of  Temperature 


The  effect  that  temperature  variations  have  on  circuit 
performance  is  manifested  in  two  ways.  First  is  the  effect 
of  temperature  on  transmission  line  properties,  and  second  is 
the  effect  of  variations  of  transmission  line  properties  on 
specific  circuit  components.  In  this  section,  consideration 
will  be  given  to  the  effect  on  transmission  line  properties 
of  temperature  change. 
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than  very  high  attenuation  as  in  metal  waveguide.  Also,  it 
is  impossible  to  specify  exactly  the  lower  frequency  (and 
thus  the  bandwidth)  without  knowledge  of  the  minimum  radius 
of  curvature  (and  the  maximum  allowable  attenuation  due  to 
radiation)  to  be  used  in  the  waveguide  circuitry. 

Therefore  ,  a  number  of  parameters  are  required  before  the 
operating  bandwidth  can  be  specified.  The  parameters  of  pri¬ 
mary  importance  are ; 


Dielectric  constant 

e 

Aspect  ratio 

a/b 

Minimum  radius  of 

curvature 

R  . 
min 

Maximum  allowable 

attenuation 

a 

due  to  radiation 

from  curved 

max 

waveguide 

Allowing  for  some  variation  in  the  lowest  possible  oper¬ 
ating  frequency,  the  bandwidth  of  the  waveguide  will  be  in 
the  range  35  to  50  percent  for  an  alumina  waveguide  with 
a/b  =  1:1. 


5 .  Image  Waveguide  Passive  Components 

Over  the  last  few  years,  several  passive  waveguide  com¬ 
ponents  have  been  successfully  built  and  demonstrated  at  IITRI 
and  other  organizations.  The  state-of-the-art  in  some  of 
these  components  is  very  well  documented  and,  therefore,  we 
shall  not  present  a  detailed  description  here.  It  is  suffici¬ 
ent  to  say  that  the  following  components  have  been  built  and 
tested  at  IITRI  and  their  typical  performance  is  as  follows. 

a.  Directional  Couplers 

Directional  couplers  using  two  parallel  coupled  lines  of 
dielectric  image  or  insular  waveguide  have  been  developed  for 
use  in  MILIC  systems  from  Ku-  to  V-band  (12  to  75  GHz)  .  The 
coupling  obtainable  in  these  MILIC  couplers  can  be  varied  from 
almost  a  total  transfer  of  energy  to  very  loose  coupling.  The 
directivity  of  these  devices  has  been  measured  and  found  to  be 
on  the  order  of  20  db  or  greater. 

b.  Ring  Bandpass  Filters 

A  resonant  dielectric  ring  structure  positioned  between 
two  parallel  feed  lines  acts  as  a  narrow  bandpass  filter.  These 
devices  have  been  designed  and  fabricated  in  the  12  to  75  GHz 
range  over  the  past  few  years.  A  ring  bandpass  filter  has  been 
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c-  RiriR  Band  Rejection  Filters 

dielectric  ring  placed  next  to  a  section  of 
licjf  image  line  can  be  used  as  a  band  reject  filter 

Instead  of  passing  energy  from  one  line  to  the'^other  as  des- 
ibed  previously  for  the  bandpass  filter,  the  ring  is  used 
to  suck  out  and  absorb  a  given  frequency  band. 

d.  Isolators 


into  thrMnTr^H.-^‘^°''^  been  developed  which  integrate 

into  the  MILIC  dielectric  waveguide.  The  device  develooed  ha<? 
been  called  a  fringe  field  isolator  because  it  userthe^tranf! 
verse  fields  extending  out  of  the  dielectric  region  for  its 
experimental  Ku-band  device  was  constructed 
with  the  following  characteristics: 


Center  Frequency 
Isolation 
Insertion  Loss 
Bandwidth' 


A  V-band  isolator  was  a 
performance : 


14.5  GHz 
11  to  18  db 
1^.1  to  1.9  db 
54  between  10  db  points 
isolation 

developed  with  the  following 


Center  Frequency 
Isolation 
Insertion  Loss 
Bandwidth 


61.25  GHz 
10  db 
1  db 

250  MHz  between 
8  db  points 


e.  Dielectric  Antennas 

f-ho  antennas  are  ideally  suited  for  use  with 

anren^^^^  either  a  primary  antenna  or  a  feed 

ntenna.  Ihis  is  because  the  dielectric  v/aveguide  used  as 

medium  in  the  receiver  or  transmitter  cir- 
y  can  be  formed  directly  into  an  antenna  structure. 

IITRI  has  performed  an  extensive  analysis  and  exneri- 

Tu^IhrMH  -tenna  s  JucL?es  cSSpatible 

on  ^he^order  of  15^db^°®Th-  have  been  obtained 

V-banL  ^  at  Ku-  and 
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f . 


Launchers  into  Image  Waveguide  from 
Metal  Waveguide 


In  order  that  compatibility  be  established  between  the 
imaee  waveguide  technology  and  current  waveguide,  it  is 
iecfssa?rthat  highly  efficient  transitions  of  launchers  be 
developed  to  couple  field  energy  from  one  type  of  waveguide 
to  the^other.  Several  launchers  over  frequency  band 

15  to  60  GHz  have  been  built  and  tested  at  IllR  . 


6.  Active  Devices 


An  imnortant  aspect  of  any  MIC  technology  is  incorpora- 
tlon  of  ac?l^e  devicL .  The  requirements  for  mounting  active 
devices  “  fflUrLe  virtually  ihe  same  as  for  mlcrostrip 
inteprated  circuits.  Therefore,  much  of  the  commercial 
development  of  devices  and  packages  for 

rarrv  over  to  MILIC.  Recent  years  have  witnessed  dramatic 
nroeress  in  the  state-of-the-art  of  such  devices  through  K- 
band  and  above.  Point  contact  diodes  and,  ’ 

Schottky-barrier  diodes  are  available  commercia  ^ 
in  excess  of  60  GHz  in  mixer  and  detector  applications. 

VavlTtors  hav^been  produced  for  use  ’^^„^°/?evfls 

Avalanche  oscillators  have  been  built  with  useful  powe 
up  to  110  GHz.  Gunn  and  IMPATT  oscillators  offer  the  poss 
bility  of  high  power  millimeter  operation. 


,0  considerations  which  predominate  in  consldera- 

•Ive  devices  are  physical  compatibility  and  ele 
.xvc  ucvx  c  j  _ rM-.o-raMne  band- 


The  two 

trILf  irped::cr;^tSirg%^er:;;;  desver  oper'at ing^band- 

width  The  sections  below  will  consider  various  yp 
Icfive  devLfs  for  MILIC  system  applications  beginning  with 

a  discussion  of  packages . 


a. 


Device  Packages 


ThP  semiconductor  devices  required  for  the  lower  milli¬ 
meter  frequencies  (60  GHz  and  below)  are  commercially  aval 
meter  trequencieb  ^  frequency  range, 

^lELge^^IrLitics 

are  less  detrimental  to  device  operation. 


b.  Oscillator/Mixers 


Oscillator  mounts  which  integrate  with  the  dielectric 
wavegSlda  circuitry  have  been  incorporated 
IITRI  systems.  These  units  have  been  u 
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and  local  oscillator  applications  Tho  «  -n 

have  previously  been  of  the  snlir  oscillator  mounts 

ReJently?’'an''oLilUtor^moiSj°Lf  dielectrirguid^ 

where  the  diode  it  counted  dlreetly1„"to^^rL'X^:ctJJrLe. 


Sumnary  of  MILIC  Tpnhnrhir^^„ 


of  thfSiLirtecLSogy  carbl1SlaJ?Ld'ff 

and  reliability^  ^  advantages  in  low  cost 

*  fiUef.^jal“iLeguldl  ^^3  JLg3’'|;i53“li3uu"- 

cSir?r333.j3:!3„^J?3e^"^  ^"tegrate^rclr- 

*  |°?L3"{m;33L3ar33i3«„3e"3  a“"™?u3etr“f3“- 

quencies  using  alumina  waveguides. 

tho^S'tiis'^s  afopen  SvegSiS^ 

gCld^baSds^'  to  conventional  metal  wave- 

C0mp3333t3/dLl333/s“iem3™t‘'K3-“Ka“a3d^5"b^  for  MILIC 
able  at  IITRI  This  ^^aohrar^^  ’  ^  ^  °  V-bands  is  avail- 

fabricate,  and  test  thl'KfJ 
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